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FOREWORD

This technical note is the result of several years of effort at NBS to
automate time domain measurements and apply them to the determination of fre-
quency domain parameters. The efforts began in 1968 under the able leader-
ship of Dr. Norris S. Nahman. Many people have contributeﬁ to the eventual
success of this effort. Those individuals directly involved with the earlier
phases of the project included Dr. William D. McCaa, Jr., Mr. John F. Shafer,
and Mr. Terrance R. Whittemore. More recently the assistance is acknowledged
of Mr., Bill Hall for software assistance, Dr. John LeBrecque statistician,
Mr. Dick Bailer for the fixed frequency attenuator calibrations, and
Miss Sharon Foote and Mrs. Janet Jasa for the typing of the manuscript. In
addition, the assistance and support of many other personnel in the Electro-
magnetics Division is gratefully acknowledged.

The financial support of the tri-services Calibration Coordination Group
(CCG) is acknowledged. The members of the CCG Time-Domain -Working Group were:
Mr. W.R. Carter (Army), Mr. J.C. Santo (Air Force), Mr. F. Flynn (Air Force},
and Mr. P. Strucker (Navy). Their support beginning in FY 70 got the concept
of a Time Domain Automatic Network Analyzer (TDANA) at NBS moving from just
an idea into a practical measurement instrument. Without the support of the
CCG supplementing NBS funds the development of the -NBS TDANA could have been
delayed by several years.

This technical note serves as a final report to the CCG for project
CCG 72-68 entitled '"Pulse Testing of RF and Microwave Devices." The objective
of the CCG with this project was to decrease the measurement uncertainty to
1% or less for calibration of coaxial 1-40 dB attenuators 6ver the frequency
range of 400 MHz to 12.4 GHz using time domain measurement techniques.



TIME DOMAIN AUTOMATIC NETWORK ANALYZER FOR
MEASUREMENT OF RF AND MICROWAVE COMPONENTS

by
William L. Gans and James R. Andrews

This technical note describes in detail a new NBS instrument
for the measurement of the scattering parameters (Sij) ot RF

and microwave components. The instrument is the Time Domain
Automatic Network Analyzer (TDANA). It utilizes time domain
pulse measurements to obtain frequency domain parameters. The
frequency range is dc to 18 GHz with a lower upper limit for
large values of attenuation. The instrument consists of three
major components: an ultra-fast pulse generator, a broadband
sampling oscilloscope, and a digital minicomputer.

Key words: Attenuation; discrete Fourier transform; fast Fourier
transform; insertion loss; jitter; microwave measurement; mis-
match; network analyzer; noise; pulse generator; pulse measure-
ment; sampling oscilloscope; scattering parameters; spectral
analysis; time domain analysis.

1. INTRODUCTION

1.1 TDANA

This technical note introduces a new NBS instrument for the measurement
of the scattering parameters (Sij) of RF and microwave components. The in-
strument is the Time Domain Automatic Network Analyzer hereafter abbreviated
as TDANA. It utilizes time domain measurements and the fast Fourier trans-
form (FFT) to obtain frequency domain parameters. This is a radical depar-
ture from classical CW techniques for measuring these parameters.

The NBS TDANA measures the scattering parameters in both magnitude and
phase over the frequency range of dc to 18 GHz. The upper frequency limit
is less for large values of attenuation (~ 4 GHz for 60 dB). The accuracy
and precision of the system have been evaluated by comparing insertion loss
measurements of three wideband coaxial attenuators (10 dB, 20 dB, and 40 dB)
with those made on the NBS 30 MHz IF piston attenuator working standard.
Measurements were made at selected frequencies from 0.5 GHz to 12.5 GHz. The
results agreed within 1.5%. The standard deviations were functions of inser-
tion loss and frequency. Work is continuing on evaluation of the system for
measurements of phase and return loss. The results of these evaluations will

be reported in later publications.



The NBS TDANA has been used for measuring the scattering parameters of
a wide assortment of components. They have included: low-pass, band-pass,
and high pass filters; wide-band transistor amplifiers; directional couplers;
and broad-band antennas.

The practicality of a TDANA is dependent upon three major components.
The first is a pulse generator with sufficient spectrum amplitude in the
frequency range of interest. The second is an oscilloscope, i.e., a time
domain receiver, with a broad bandwidth to cover the frequency range of
interest. The third major component is a digital computer. The computer is
necessary to perform the mathematical shift from the time domain to the fre-
quency domain via the Fourier transformation.

For many years researchers have been converting time data to frequency
data and vice versa. However, the process has been very laborious and time -
consuming. It involved photographing an oscilloscope CRT display, reading
the data point by point from the photograph, typing the data onto paper tape
or computer cards, and then analyzing the data on a time share or large
central computer. The entire process easily consumed an entire eight hour
working day for a single simple waveform.

With the advent of inexpensive (< $10K) minicomputers this has all
changed. The cost of computing capability is néw comparable to that of a
high pefformance oscilloscope. It is now cost-effective to.dedicate a
minicomputer to be hardwired to an oscilloscope. The interface bétween the
two consists of sample and hold (S/H) circuits, analog to digital (A/D)
converters of the oscillocope analog data, and digital to analog (D/A)
converters for computer control of oscilloscope functions.

1.2 TDANA vs. ANA

The major competitor to the TDANA is a commercial automatic network
analyzer system (ANA).* The ANA consists of an ensemble of programmable
swept frequency generators, a complex amplitude/phase measuring microwave
network analyzer, and a minicomputer.

Both systems have advantages and disadvantages. For the TDANA one of
its major advantages is lower cost. In general both systems will have
comparable minicomputers, associated computer peripherals, and software
programming costs. The TDANA's cost advantage is in lower cost for the
source and receiver. For measurements from dc to 18 CGHz the TDANA requires
a single ultrafast tunnel diode pulse generator costing approximately $500.
The ANA covers the frequency range 0.1 to 18 GH:z and requires several sweep

*It is NBS policy not to mention manufacturers nor commercial products in
their publications. This is done to avoic giving unfair economic advantage
to any manufacturer which might occur through a real, implied, or imagined
NBS endorsement.



generators for a total source cost of $15,000 or more. Likewise the cost
of the receiver for the TDANA is lower than the ANA. The TDANA receiver
is a sampling oscilloscope costing approximately $8,000. For the ANA the
receiver is a microwave network analyzer costing $Z0,000. A complete
commercial ANA system costs upwards from $175,000. Discussions with an
oscilloscope manufacturer indicated that a commercial TDANA would probably
cost in the neighborhood of $60,000 to $80,000.

There are also other concsiderations. One is frequency coverage. The
commercial ANA consists of separate test sets for 0.1 to 2 GHz and 2 to 18
GHz. The TDANA will make measurements from dc to 18 GHz. The ANA will make
measurements at any programmed frequency. The TDANA, due to the use of the
FFT, gives results only at frequencies that are harmonics of the reciprocal
of its observation time window. For example if a 10 ns window is used,
results are given at 100 MHz, 200 MHz, 300 MHz, etc. The TDANA is better
suited to the measurement of broadband devices. Problems arise with the TDANA
in the measurement of high Q, narrowband devices.

Another advantage of the TDANA is that it can also be used for purely
time domain measurements. Examples are measurements of pulse risetime,
delay, duration, distortion, amplitude, etc. When used as a time domain
reflectometer (TDR)'in conjunction with the computing and signal averaging,
it can be used to resolve extremely small impedance discontinuities as »
lsF) [1]. One should also
acknowledge that an ANA can be used as a TDR. This is accomplished by

small as a fraction of a femtofarad (< 10

making network analyzer amplitude and phase measurements at many har-
monically related frequencies and then synthesizing time domain pulses
using the inverse Fourier transform, IFT, [2].

Another advantage of the TDANA is that the sampling oscilloscope and
minicomputer can be used as a spectrum analyzer for calibration of impulse
generators [3,4]. This appears to be particularly promising at frequencies
above 1 GHz.

1.3 TDANA History

A.M. Nicolson developed the first really usable TDANA in 1968. At CPEM
in-1968 he presented the system and results of measurements of microwave
components [5]. Nicolson, Ross, Cronson, Lamensdorf, Susman, and other co-
workers have continued their pioneering work in TDANA's. References [6-10]
detail some of the important advances they have made in this field. Their
system was developed for use within their corporate laboratories and also on
contract for the Army and Air Force.

(92)



Several other companies and institutions have built or used automated
oscilloscopes and TDANA's of various degrees of sophistication. In 1969
P. Stuckert developed CAOS which stond for Computer Augmented Oscillo-
scope System [11]. Also in 1969 a time domain data acquisition system was
developed for the AEC [12]. Bancroft and Johnston of the University of
Calgary reported a TDANA in 1973 [13].

The major oscilloscope manufacturéfs were not ignorant of the trend
toward automated time domain measurements. They have responded by developing
suitable automated.oscilloscopes. Most of the information regarding these
oscilloscopes and systems is given in advertising circuiars, etc., and as such
cannot be referenced here. One manufacturer is very close to possibly announc-
ing a commercially available TDANA. This system was described by D. Hannaford
at the 1974 Joint Measurement Conference [14].

1.4 Development of the NBS TDANA

During this flurry of TDANA activity in the late 60s and early 70s,
the NBS Pulse and Time Domain Section was not idle. Dr. William D. McCaa, Jr.
assembled the first NBS time domain data system. He called it RUDA for Rudi-
mentary Data Acquisition. It consisted of simply a digital voltmeter
(3-1/2 digit) connected to the Y recorder output of a sampling oscilloscope.
The parallel BCD output of the digital voltmeter was converted to serial
ASC II data. This was routed to a paper tape punch. At the completion of
the conversion of one data point the oscilloscope was triggered again to
acquire a new sampled data point. Once a paper tape was prepared the data
was then transferred by a teleprinter to a time-share computer for processing.
The entire process was agonizingly slow. Typically a half hour was required
for the acquisition of a single waveform. The results were not very satis-
factory. Very substantial drifts in the horizontal and vertical data occurred
during the long acquisition time of a single waveform. Also due to the long
time required to obtain a single waveform, computer averaging of many wave-
forms was not feasible. RUDA did serve the purpose of demonstrating the
principle of interconnecting an oscilloscope to a computer.

Meanwhile during the late 60s the military standards and calibration

laboratories began to experience a need for subnanosecond domain pulse cali-
b

a r nment funds beman to
1 and dev pment runds began to

as)

low into NBS through
the tri-services Calibration Coordination Group (CCG). Starting in 1969 some
of this money along with NBS funds was used to develop an improved time domain

data acquisition system.
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The improved system was called the Time Domain Waveform Measurement Sys-
tem. It was developed by Dr. W.D. McCaa, Dr. J.R. Andrews, and Mr. J.F.
Shafer. The improved system was described at the 1970 ISA conference. The
new system replaced the RUDA digital voltmeter with a commercial analog-
digital recorder/generator. This instrument was essentially a high speed
(100 kHz), 3 digit, analog to digital converter and a 1000 word magnetic
core memory. With the new system a single 1000 point waveform could be
acquired in 10 ms. This was much faster than RUDA and thus eliminated the
problem of long term vertical and horizontal drifts. The major disadvantage
of this system was still the computer cdnnection. The system still required
a parallel BCD to ASC II conversion, paper tape punching and teleprinter
transmission over a telephone line to a time-share computer. Fifteen minutes
were required to transmit a single 1000 point waveform.

The time-share arrangement was not very satisfactory. Operating prob-
lems included many computer ''outages' with loss of data and sometimes pro-
grams and imperfect transmission of data with random data dropouts. This
system was used by Mr. W.L. Gans, Dr. W.D. McCaa, Jr., and Dr. N.S. Nahman
for their experiments with the fast Fourier transform (FFT) [15] and pulse
testing of microwave components in 1971 and 1972,

By 1972, sufficient funds from CCG and NBS allowed the purchase of a
minicomputer and the peripheral equipment. The NBS TDANA was then devéloped
around this minicomputer and an 18 GHz bandwidth sampling oscilloscope.

1.5 Technical Note Organization

This technical note describes in full detail the NBS APMS and its use as
a TDANA. This note is divided into ten chapters. Chapter two develops the
concept of pulse testing theory as applied to the determination of frequency
domain parameters. Chapter three discusses the relationship between the
time domain and the frequency domain through the Fourier transformation,
Laplace transformation, Fourier series, discrete Fourier transformation, and
the fast Fourier transformation. Chapter four deals with a set of experiments
performed on the fast Fourier transformation to highlight potential problem
areas when doing TDANA calculations. Chapter five is a description of the
various instruments contained in the NBS TDANA. It also demonstrates the use
of the APMS portion as an extremely wideband spectrum analyzer. Chapter six
deals with the actual circuit details of the sampling oscilloscope/minicomputer
interface. Chapter 7 describes the system software. Chapter eight discusses
experimental results of comparison measurements of coaxial attenuators using .
the TDANA, a commercial automatic network analyzer, and the NBS 30 MHz IF
piston attenuator wotrking standard. Chapter nine is a partial error analysis
of the TDANA. Chapter ten is the summary chapter and contains recommendations
for future work. Chapters 1, 2, 3, 5, and 6 were the responsibility of
Dr. Andrews. Mr. Gans was the author of Chapters 4, 7, 8, 9, and 10.

-
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2. PULSE TESTING THEORY

The objective of this project was to apply time domain measurements to
the determination of scattering parameters as functions of frequency. This
chapter will discuss the interchangability of time and frequency, and develop

the theory of time domain insertion loss measurements.

2.1 Time Domain/Frequency Domain Representations of Physical Signals

Every physical signal can in principle be represented mathematically
in both the time domain and the frequency domain. In the time domain a sig-
nal waveform is described by an algebraic equation v(t). The connection
between the time domain and the frequency domain is the Fourier transforma-
tion [16]. It is defined by the following transform pair [17]

0

[ v(tye 12Tt 4¢ (2-1)

-

V(f)

[ v(E)e I gf (2-2)

.-

v(t)

V(£f) is the frequency domain representationlof the same physical signal v(t).
Both v(t) and V(f) are valid representations of the same physical signal.
v(t) is always a real function, while V(f) is a complex function.

For this report the physical signal to be considered is an electrical
voltage having units of volts. V(f) is an integration of v(t) over time;
thus V(f)} is an.area with units of volt-second. Arthur [17] gives an
excellent discussion and visual illustrations of V(f).

As an example consider a single rectangular baseband pulse vrp(t),
figure 2-1(a). vrp(t) is defined as

vrp(t) = vou(t) - vou(t-to) (2-3)

where u(t) is the unit step function. Applying the Fourier transform, eq.
(2-1), to this pulse one obtains

7 ) ¢, (f) )
Vi, UE) = v teyje 7P (z-4)
where
':in(vftoj
\Vrp(fyI = Vols TIt) (2-5)
and
5 (£) = -=ft (2-6)



The magnitude of Vp(f) is plotted in figure 2-1(b). It is a continuous
function for all frequencies from -« to +=. Thus a single baseband pulse
is a source of a continuous frequency spectrum. This is one advantage of
pulse testing over single frequency measurements.

The magnitude of V(f) is a quantity of engineering importance. It is
called the Spectrum Amplitude* S(f). It is defined {181 as

S(f) = 2|V()] (2-7)

Arthur [19] has noted that the IEEE dictionary has an error in its mathematical
definition of S(f). It uses a constant of 1/7 instead of 2 in the definition.
In this report the constant 2 of eq. (2-7) is used.

The unit of S(f) is the same as for V(f), namely volt-second. Many
times the unit volt/hertz is found in the literature. These two units are
dimensionally the same. In this report S(f) is sometimes expressed in dB
above 1 volt-picosecond in which case it is defined as

17 (2-8)

X in dB V - ps = 20 loglo[ -
1 x 10 v -

X in V - s ]
s
A volt-picosecond (V-ps) is equivalent to a microvolt per megahertz (uV/MHz).
Chapter 3 will discuss in greater detail the Fourier Transformation and
its relatives the Laplace Transformation, Fourier Series, Discrete Fourier
Transformation, and the Fast Fourier Transformation.

2.2 Time Isolation Property of Delay Lines

Figure 2-2 is the basic pulse measurement system. The measuring instru-
ment is almost always an oscilloscope. A connection must be made between
the pulse generator and the oscilloscope. For slow pulses (tr > 100 qs) and
low frequencies an oscilloscope probe is used to connect the two instruments.
For high frequencies and fast pulses (tr < 1 ns), probes are no longer use-
ful [20,21). The connection is then made with a piece of transmission
line such as a coaxial cable. The transmission line is capable of relatively
faithfully transmitting the generator waveform to the oscilloscope or some
other circuit where it is to be utilized. The use of a coaxial cable is not
limited to fast pulses and high frequencies but is equally uséful with slower
pulses and low frequencies. The coaxial cable also has the advantage that it
presents a relatively constant load impedance to the pulse generator. In
Teality no transmission line is perfect. Various things such as skin effect
will causc the impcdance ZO and the propagation function 7 to be functions of

frequency [22]). These effects do cause distortion in the transmission of

*Many othcr namcs arc found in the literature for this same quantity. They
include: Spectral Intensity, Impulse Spectral Intensity, Impulse Strength,
Spectral Density, Voltage Spectrum, and Interference Intensity.



pulses. For the purposes of this discussion these effects will be considered
negligible. To a first order, the coaxial cable can be characterized as not
being frequency dependent and simply having a real characteristic impedance
Z0 = Ro, a propagation velocity’vp, a length 2, and a time delay TD.

An understanding of the effect of the cable in the measurement system
is fundamental to proper interpretation of the results of time domain meas-
urements. Figure 2-3 is an example of a'ﬁismatched_system that will be used
for illustrative purposes. . Both the generator and oscilloscope are mismatched
to the transmission line.

Consider a 1 volt pulse departing the generator at t = 0. This pulse
enters the left end of the line at t = 0., Initially the line simply appears
as a 50 ohm resistor across the generator terminals. The initial incident
voltage wave vy that enters the line is simply

Ry
vi(t) T ——— vg(t) (2-9)
R, + Rg

Due to the finite propagation velocity vp the leading edge of the inci-

dent pulse vy arrives at the oscilloscope later in time, namely at

t; = TD = 2/v,. (2-10)

At the oscilloscope a portion, Vs will be transmitted .into the internal 1load,
RL, and a portion, Vr’ will be reflected back toward the generator.

vV, =V ot vy (2-11)
Ve STV : (2-12)
Ve T P vy (2-13)

T is the transmission coefficient, and p is the reflection coefficient.

2 R
S — (2-14)
RL * Ro
R, - R
o= L __© . (2-15)
RL * Ro

The above equations are also valid in the frequency domain with an appropriate
or Vi Ver
are complex and functions of frequency. In the frequency domain the various

change in notation. All of the parameters (Zg, ZL’ A Vr' 7, and p)

resistances, R, become impedances, I, and the reflection coefficient is com-
monly denoted by I'. The initial waveform transmitted into the oscilloscope



is seen to be an identical replica of the generated waveform vg(t) with the
exception of amplitude scaling due to the line input voltage divider,

eq. (2-9), and the load mismatch, eqs. (2-12) and (2-14). If the system
were matched, R, = R = R, then Vz(t) =1/2 vg(t).

The reflected pulse, Voo travels back to the left and arrives at the
generator at t2.= 2TD. If the generator and the line are not perfectly
matched (i.e., if R #'Ro) then a new‘refléction of the pulge will result.
Equations (2-11) through (2-15) are also valid for the generator terminal
if R_ is substituted for Ry - The new reflection now propagates back to the
right through the line. It arrives at the oscilloscope at ts = 3TD. This
new reflection as it is transmitted to the oscilloscope 1s in addition to
the initial incident waveform. The voltage at the oscilloscope, vz(t), is
no longer an identical replica of the generated waveform Vg(t). v,y (t) is

v, (t)

K vg(t-TD), t < 3TD (2-16)

Vz(t) K vg(t-TD) + v t > 3TD (2-17)

reflections(t)’
~nere K is a constant. The above example used a rectangular pulse for
clarity. The analysis is equally valid- for other transients such as a step
function. '

For purposes of clarity and precision the words "initial" and "inci-
dent" should be defined further. Words such as "initial" and '"final" refer
to time related properties. As used above the word "initial'" refers to the
waveform present at the load only during the time interval 0 to 3TD. The
word "incident" refers to a direction of wave propagation. In this case it
is the wave traveling forward from left to right on the transmission line
and striking the load. No time element is involved as the word applies for
all time (-« to +=). "Incident" refers to a spatial vector. The words
"reflected" and "transmitted" likewise refer to spatial vectors: By using
two different terms, a clearer distinction is made between the generator
waveform over all time, and that part of the generator waveform delivered to
the oscilloscope undistorted by reflectiaons from either the source or the
oscilloscope impedance discontinuities within the time window. Furthermore,
the term "initial" can be used to describe waves arriving at, or departing
from, a given port.

Advantage can be taken of the transmission line time delay property in
a practical measurement set-up in which the generator and/or lcad are not
matched to the line. As seen above, the output waveform is distorted after
t = 3TD. The actual time window, T.» available for observation of an un-
distorted waveform is 2TD. Thus one may widen the undistorted window simply
by increasing the transmission line length between the generator and the



oscilloscope. A practical limitation is reached, however, when the actual
line response starts to introduce distortion on the generator waveform.

2.3 Theory of Time Domain Insertion Loss Measurements

The measurements made are actually time domain insertion loss measure-
ments for the purpose of computing the transfer insertion scattering param-
eter, SZl(jm),* where w is the angular freqﬁency variable [23]. A circuit
model analysis of the measurement technique has been derived by Gans and
Nahman and is presented here. ‘

The circuit used to obtain the incident voltage waveform at the plane
of insertion is shown in figure 2-4. V (s) and Zg(s) represent the pulse
generator. s is the complex frequency variable. Two sections of precision
50 ohm coaxial airline are represented by 21 and 22. The box labeled T(s)
represents the sampling oscilloscopc sampling gate with an input impedance
of Zs(s) and a transfer function T(s) between the sampling gate and the CRT
display. The oscilloscope is also terminated in a 50 ohm load, Ro. vdl(t)
is an observable voltage; it is the insertion plane waveform as seen through
the transfer properties of %, and the oscilloscope. For this analysis, it
is assumed that all connecto;s are ideal.

Since the generator impedance, Z_(s), may not be equal to Ro’ and since
the presence of the sampling oscilloscope at the end of line 22 certainly
- changes the total load impedance as seen by line 22 to some value other than
RO, the reflections caused by these two discontinuities will invalidate this
analysis after some time. The available time window, Tw’ in which this meas-
urement 1s valid is determined by the lengths of the two lines, 11 and xz.
The time delays for reflections from the generator and oscilloscope,
respectively, are

2TD1 = 221/vp (2-18)
ZTD2 = le/vp (2-19)
8
where Vp is the propagation velocity in the medium (v, = 3 x 10 m/s for
coaxial air lines). Thus Tw’ the available time window, will be either

ZTD1 or 2TD2, whichever is smaller. For example, a 30 cm airline thus
provides a 2 ns time window.
The displayed initial input transition voltage waveform, vdlft],

figure 2-4, may be expressed as

- -1 e -
vy (1) =XIN(V (s)} 0<t<TD +TD,+T,, (2-20)

*Sii(ju) is the commonly accepted notation for the scattering parameters of

microwave networks. It is not be confused with S(f) which is commonly used
for spectrum amplitude.
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wheregtfl denotes the inverse Laplace transformation operator, and where
le(s] is given in terms of the complex frequency variable s as

R, ]e-s(TD1+TD2)

- ° TS(S] T(s) (2-21)
Zg(s)+R0

le(s) = Vg(s) {

where T is the transmission coefficient at the oscilloscope input

2 7 (s)
TS(S) = ____552_____ (2-22)
Ro * Zert(®)
and Z. is the input impedance af the oscilloscope

CRT
Zs(s) RO

Z (s) = (2-23)
CRT
Zs(s) + RO
The initial incident waveform onto the reference plane is given by
Ro -5 TD1
Vii(s) = Vg(s) — e (2-24)
Zg(s) + Ry
Writing eq. (2-21) in terms of Vli(s)
-s TD
— T 2 .
Va1 (s) = Vy;(s)e t5(s) T(s). (2-25)

Referring to figure 2-5, with the addition of the device under test in-
serted in the 50 ohm system, the initial transmitted voltage waveform Vzt(s)
may be expressed in the complex frequency plane in terms of the transfer
insertion scattering parameter as

VZt(s) = Vli(s) SZl(s). (2-26)

The displayed initial transmitted voltage waveform vdz(t)'is

-1:.. :
de(t) =L {de(s)} 0<t<TD1+TD2+Tw+T (2-27)

a
where
-s TD,
dets) = Vzt[s)e “TS(S) T(s) (2-28)
Td is the additional time delay introduced by the device under test. From
eqs. (2-26) and (2-128) de(s) is given by
-s TD7
Vi, (s) = Vi (s) Syp(s)e T (5) T(s) (2-29)
The ratio of Vd7(s) and le(s), eqs. (2-29) and (2-21), will yield
the following result:
de(s)

dl

(s). (2-30)

ot
v

1

r

—



Thus, for the two time domain waveforms actually observed, in terms of
Laplace transforms,

v, (t)}
S5, (5) S P (2-31)
st{vdl(t)}
or, replacing s by jw, we arrive at the final Fourier transform equation
Flvg, ()}
Syp (ju) = ——— (2-32)
Fivy ()}

Thus, for insertion loss measurements we have obtained the important
result that the frequency response of the sampling oscilloscope does not
affect the final result. The circuit loading due to Zs(s) and the transfer
function T(s) were seen to cancel out. Likewise the actual generator
waveform and source impedance effects cancel out.

The above comments should not be construed to mean that any arbitrary
low frequency pulse generator and oscilloscope can be used to make microwave_
measurements of attenuators. Other factors must be considered that were not
included in the above derivation. The most important is the signal to noise
ratio at the frequency of interest. The.generator spectral amplitude S(f)
must be above the system noise level. In addition, the frequency response
[T(£)]| of ‘the oscilloscope must be such that the deétected level |T(f)[S(f)
is above the noise level. This problem will be discussed ih more detail in
later chapters.
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Figure 2-1. Time Domain (a) and Frequency Domain (b) Repre-
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Figure 2-2. Basic Pulse Measurement System.
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Pulse Response of Mismatched Basic Pulse Measurement System.
(a) Circuit. (b) Zig-Zag Diagram. (c) Generator Source
Voltage. (d) Generator Terminal Voltage, (e) Load Terminal

Voltage.

Figure 2-3.
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Figure 2-4. Diagram of Circuit Used to Obtain le(s).
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Diagram of Circuit Used to Obtain de(s).

Figure 2-5.
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3. THE FOURIER FAMILY

This chapter will discuss in greater detail than Chapter 2 the time
domain/frequency domain interrelationship. The basic connection between
the two domains is the Fourier transformation (FT). The other relatives
in the Fourier family are also discussed. They are the Laplace transforma-
tion (LT), Fourier series (FS), discrete Feurier transformation (DFT), and
the fast Fourier transformation (FFT).

3.1 Fourier Transformation

As briefly mentioned in Chapter 2, the connection between the time
and frequency domain is the Fourier transform (FT) pair defined as

V(E) = [ v(t)e It g¢ (3-1)
v(t) = [ vepetIZTE 4 (3-2)
or in operator notation
V(£) =FIv(t)] (3-3)
v(t) =F v (3-4)

v(t) and V(f) are the timec domain and frequency domain representations
of the same physical signal. When the signal is an electrical voltage, the
units are volts for v(t) and volt-seconds for V(f). Tables of transform pairs
have been tabulated [Z24]. »

For a given v(t) to possess a FT, V{(f) the integral (3-1) must converge;
a set of conditions which insures that the integration will converge is the
Dirichlet conditions which are as follows:

1. v(t) must be absolutely integrable

@

[ lvit)ldt < =

-@®

2. v{t) may only have a finite number of maxima or minima in a finitec
interval,

3. v(t) may only have a finite number of discontinuities in a finite
interval.

These conditions restrict the FT to energy signals, that is, to signals which
contain a finite energy,
@

[ v(t)]? dt < =

-
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On the other hand they exclude power signals, that is, signals which contain a
finite power,

rdr £ o o

Important power signals are periodic signals and the unit step. It is
possible to includeAthese important signals in the FT by allowing the FT to
include delta functions, §(f); however, their inclusion only provides a formal
method for a unified treatment of energy and power signals [51]. In the discus-
sion presented here, the unified treatment is not used and is replaced by four
separate methods defined as the Fourier family:

1. The Fourier Transformation for energy signals.

2 The Laplace Transformation for causal transient signals.

3. The Fourier Series for periodic signals.

4 The Discrete Fourier Transformation for discrete (sampled) data

signals.

3.2 Laplace Transformation

For transient (causal) signals the Laplace transformation (LT) provides
the link between time and frequency [25]. The word transient (causal) implies
that the signal did not exist prior to some time, say t = 0; furthermore,
initial conditions are included at t = 0.

v(t) = 0, t <0 ’ (3-5)
The Laplace transform pair is defined as

@

Vis) = | v(t)e St dt (3-6)
0
C+j°°
v(t) = 2 f vis)e*St 4s (3-7)
2mj c-jo
for t > 0.

¢ is a constant of integration. s is the complex frequency variable.

s =0 + juw (3-8)
where
w = 2af (3-9)
In operator notation the LT pair is
V(s) =X [v(t)] (3-10)
v(t) =& V(s)] (3-11)



Although eqs. (3-6) and (3-7) appear to be more formidable than those of the
FT, they also are more powerful. Many real signals that could not be handled
by the FT due to integration convergence problems do have solutions in the LT.

ot in addition to the reactive term

The introduction of the damping term e
e J®Y found in the FT is what allows the integration (3-6) to converge. The
inverse LT,;t:l, is accomplished with the powerful tool of contour integra-
tion in the complex frequency (s) plane. -A complete discussion of the FT
and LT is quite lengthy and the reader is referred to the many books that are
written on the subjecrt,

For an electrical voltage the units in the LT are the same as for the

FT. Namely, v(t) is in volts and V{s) is in volt-seconds.

3.3 Fourier Series

The Fourier Series (FS) provides the link between the time and frequency
domain for periodic signals. Such signals must necessarily exist for all
time from -» to +=». The periodic property is defined as

v(t) = v(t ¢ kT)
"k o= 1,2,3,...., (3-12)
T is the fundamental period. The fundamental frequency fo of the periodic
waveform is.
f, = UT ' (3-13)

A periodic signal may be written in a Fourier series expansion as an infinite
sum of sines and cosines.

ES

v(t) = ° .

;— . An cos(anfot) + Bn sin(Znnfot) - (3-148)

Hr~1 +

1
n is an integer n=1,2,3,...

The frequency coefficients An and Bn are given by

T
An =A% é v(t]cos(ZnnfOt)dt (3-15)
2 T . Cren
B, =t g v(t)51n(2nnfot)dt (3-16)

The FS may also be written in a complex exponential form.

LT -j2mf t
D (nf)) = 7 i v(t)e dt ‘ (3-17)
+oo ) +j2wnfot
v(t) = D (nf Je (3-18)
n=-«



The FS expansion shows that if a signal is periodic in the time domain
for all time, it only exists in the frequency domain at integer multiples of
the fundamental frequency.fo; i.e.,

D(f) # 0 ,
D(fy = 0 , f#

Hh
[}
+

nfo

(3-19)
nfo

"

Attention is called to the fact that the exponential form of the FS,
eqs. (3-17) and (3-18), closely resembles the FT, eqs. (3-1) and (3-2), and
the LT, eqs. (3-6) and (3-7). For the integrals (3-15) through (3-17) to con-
verge the Dirichlet conditions discussed in section 3.1 have to be satisfied
but only over the interval defined by the period T. A

The units of Ah’ Bn’ and Dn are the same as those of v(t). The integra-
tion of eq. (3-17) results in an area (volt-second) that is then normalized by
1/T (per second) to give volts. Thus, a sine wave, for example, in the time
domain has the units of volts and when it is expressed in the frequency domain,
it still has units of volts but at a single frequency.

3.4 Discrete Fourier Transformation

In actual practice a finite amount of discrete sampled data, Veds is
many times used to represent a physical signal. The actual signal, v(t), is
unknown for all other values of time.

vsd(t=iAt) = v(t) for i = 0,1,2,...N - 1

) . (3-20)
vsd(t) = vsd(t=1At) for 1At <t < (i+1)At

This type of data is obtained directly from sampling oscilloscopes and is

the natural state of numbers in a digital computer. The FT,. LT, and ES all
assume that v(t) is a continuous function. For discrete data the integrations
of the FT, LT, or FS must be approximated by thc finite summation technique.

T N-1

[P vityde = ] v, (t=iat)at (3-21)
o i=0
where
T, = Nat (3-22)
The sampling rate, fsr’ is simply
£, = /At (3-23)

If one has a finite amount (N points) of data taken at a fixed sampling inter-
val At, this data can be applied to the Fourier Series. Using the finite



summation method as in eq. (3-21), eq. (3-17) can be transformed to
N-1 -j2nnf_(iAt)
U (nf ) = - ] v (ist)e ° At (3-24)
NAt i=0
Un replaces Dn to distinguish between the FS and the DFT. The At within the
summation cancels the At in the denominator’. The exponential argument may
also be rewritten with eqs. (3-13) and (3-22).
N-1

1 . . -ji2mn/N
_Un(nfo) =X iZO st(lAt)e

(3-25)
This 1s the normal form given in the literature for the discrete Fourier
transformation (DFT) [26]. This form is preferred when programming a digital
computer. Equation (3-24) is more useful for ohtaining insight and under-
standing of the properties of the DFT.

For an electrical voltage, the units of v(t) are volts. Equation (3-24)
is from the Fourier series and the result of the summation is an area in umnits
of volt-second. The final result Uﬁ(nfo) is the summation normalized by the
time interval of summation, To' Thus the units of Un(nfo) are volts.

As with FT, LT, and FS there exists an inverse Discrete Fourier Trans-
form. It is normally written in the literature [27] as

N-1

. ~ +jizmn/N
veg(ist) = nZO U, (nf)e

(3-26)
Using eq. (3-22), eq. (3-26) can be rewritten to demonstate its similarity
to the FS expansion eq. (3-18).
N-1 +j2mnf_(iAt)
veg(ist) = ] U (nf )e ° (3-27)
n=0
Equation (3-26) is different from the FS equation (3-18) in that it is a sum-
mation over a finite number of frequencies while eq. (3-18) is an infinite
summation. The reason for this is the discrete nature of vsd(t) due to the
sampling process. A complete derivation will not be shown here as it has
already been covered adequately in the literature. Brigham [28] gives a
good description of the DFT along with appropriate illustrations.
In a report of this nature it is useful to summarize the important
properties and limitations of the DFT.
1. The actual time domain waveform v(t) extends from t = -= to +=,

figure 3-1(a).

2. The waveform is sampled N times at the sampling rate, fsr’ with a
uniform sampling interval &4t, figure 3-1(b), to give Vsd(t).
1
£ =

by

st At”



10.

11.

12.

13.
14.

15.

16.

17.

18.

19.

A finite time segment of length TO of the waveform is sampled,
figure 3-1(b). TO = NAt.

The DFT is in reality a discrete Fourier series.

The DFT gives the transform of a periodic waveform Vp(t),
figure 3-1(c).

vp(t) and vsd(t) are related.

+o

vp(t) = =§m v q(t+2T ) (3-28)
v_(iAt) = v(ist) only in the interval 0 < t < To‘
vp(t) is periodic with period,To and a fundamental repetition fre-
quency f_ = 1/To' .
The FT of v(t) -is a continuous function V(f) for all frequencies,
figure 3-2(a).
The DFT gives frequency coefficients Un(nfo] only at discrete
frequencies that are integer multiples of the fundamental fre-
quency, nfo, figure 3-2(b).
As a result of the sampling process the bandwidth of the fre-
quency coefficients is iimited,'
The sampling process and the DFT produce a periodic spectrum

Un(nfo) in the frequency domain of period f figure 3-2(c).

sr’
Un(nfo) = Un(nfo-fsr) (3-29)

n is an integer with allowabhle values from -= to +w.

Un(nfo) is obtained by an infinite summation of the shifted

spectrum of the original signal V(f).

V(f) is a bandlimited function if its tails are zero above a

cutoff frequency, f figure 3-2(a).

,
If the tails of V(fgoare zero above the folding frequency, ff,
where ff = fsr/z’ then Un(nfo) is an accurate representation of
V(£) for |f]| < f£.

If the tails of V(f) extend above ff. i.e., fco > ff, then
aliasing results which distorts Un[nfo).

The Nyquist sampling rate, fV , is the special case when fsr =2 fco‘
Ny .

It is the lowest sampling rate which will accurately sample V(f)
without aliasing.

Un for negative frequencies is the complex conjugate of U, for
positive frequencies.

U (-£) = UA(E) (3-30)

In normal computer processing of the DFT pair, eqs. (3-24) and (3-26),
the frequency span from £ = 0 to f = (N-l)fo is used. The
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frequency domain coefficients Un[nfo) in the range 0 to ff contain
the normally anticipated values. The coefficients Un(nfo) in the
range £f to (N—l)fO are in reality the negative frequency coef-
ficients of f = —ff to - fo. They are shifted in frequency due
to the periodic property of the DFT.

Z0. For frequencies above the folding fyequency, ff, Un(nfo) is not
the same as V(f).

3.5 Fast Fourier Transformation

The Fast Fourier Transformation (FFT) is not really a different transform

from those already discussed. The FFT is in fact the DFT. All of the com-
ments made in the previous section on the DFT apply to the FFT. The FFT is
simply a computer algorithm for the rapid and efficient computation of the
DFT. The FFT dates back to the early 1900's but it was given its push to
prominence in 1965 by Cooley and Tukey {29].

The common FFT is a DFT with the restrictian that the number of sample

points, N, be an integer power of 2.

N =27 (3-31)
where v = 1,2,3,....
The value of the FFT is in the reduction of computer time required to
evaluate a DFT [30)]. An arbitrary N-point DFT requires approximately N?
operations while the FFT requires 2N logz(N) grithmetic operations.

Gans and Nahman [31] give a good description of the inner mechanisms
of the FFT.

3.6 Relationship Between FT and DFT for an Impulsive Waveform"

In actual measurements one is never able to obtain data over a time
interval of infinite extent. One is always constrained to obtaining a finite
amount (N) of data in a limited time window (Tw). Thus one always obtains
data that is more suitable for the DFT rather than the FT. The question
often arises, '"What is the relationship between the FT and the DFT?" This
section will deal with this question for an impulsive waveform.

An impulsive waveform is one that suddenly departs from zero amplitude, -

rises to a peak value, and then rapidly relaxes back to zero. If the observa-

tion time window is sufficiently wide, figure 3-3(a), to include the beginning
zero departure and the final return to zero then the waveform, vi(t), may be

completely described as

(3-32)

£(t), O0<t<l
v =

0, t < 0, and t > T



where f(t) is finite and continuous in the time window 0 < t < T,- Because
the signal is zero outside of the time window, the FT reduces to

T .
VE) = [ Y vy (e BT ae (3-33)
(o]

An artificial periodic signal vpi(t), figure 3-3(b), is assumed to be related
to vi(t) by eq. (3-12).

o

vpi(t) = I vyt £nT) (3-34)

n=-o
The FS of vpi(t) exists with frequency coefficients given by
T -32vnf0t

D ;(nf) = %; g ¥ovi(t)e

de (3-35)

Section 3.4 demonstrated that the DFT was approximately the same as the FS.
Uni(nfo] = Dni(nfo) (3-36)

Note that the integral in eq. (3-35) is in fact simply Vi(f), eq. (3-33),
evaluated at nfo. Thus the relationship between the FT and the DFT for an
impulsive waveform is

Vi(nf)) = T U_.(nf,)

w ni
n=20,1,2,....° (3-37)
where
fo = 1/Tw. (3-38)

It should be noted that V, is obtained only at discrete harmonically related
frequencies. Values at other discrete frequencies may be obtained by
numerically integrating eq. (3-33) directly. ‘

3.7 Relationship Between FT and DFT for a Step-Like Waveform

In pulse measurements one normally encounters impulsive or step-like
waveforms. The impulse was discussed in the preceding section. The step-
like waveform poses a bit more difficulty in determining the relationship
between the DFT and the FT. Once again the discussion will deal with the
actual measurement problem of a finite amount (N) of data in a limited time
window (Tw).

A step-like waveform Vsl(t), figure 3-4(b), is one that suddenly departs
from zero amplitude (or a fixed baseline), rises to a new amplitude value
and remains there until t = +~. If the observation time window T, is
sufficiently wide to include the beginning zero departure and the final
steady state value, Vo’ then the waveform may be completely described.
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The step-like waveform can be considered to be the step response of some
linear system. The excitation Vs(t). figure 3-4(a), is a unit step functionm.

v (t) = u(r) v (3-39)

The LT of vs(t) is
1

v, (1] =V _(s) = ¢ (3-40)
The linear system step response in the complex frequency s domain is
' : H(s
Vep(s) = V(s) Hs) = HEEL (3-41)

where H(s) is the system transfer function. In the time domain the system
step response is

v, (1) = L (3-42)

Now consider the effect of using a unit rectangular pulse vrp(t) of
duration T , figure 3-4(c), as an excitation.
vpp () = u(t) - u(e-T)) (3-43)
The LT of vrp(t) is

-sT
=V = W
L v, (1] = V() = (1-e T)/s (3-44)

The response, Vrpr(t)’ of the linear system to this rectangular pulse
excitation is

(t) &PV, (s) H(s)] (3-45)

(t) would appear as shown in figure 3-4(d). With the pulse duration Tw

Vepr
vrpr ;
chosen such that Vsl(Tw) has attained its final value Voo then the pulse

Tesponse v (t) is simply

TPT

v_,(t), t <T
Vrpr(t) = { st k v (3-46)
. Vo T Vsﬁ(t'Tw)’ t > Tw

Now consider making the single rectangular pulse into a periodic square

wave, v_(t), of duration Tw and period ZTw’ figure 3-4(e). The response,

Vslp(t)’ of the linear system to this excitation would appear as shown in
figure 3-4(f) and as given by the following equations.
Vopp(t) = Vgt = n21),  n= 0,1,2,.... (3-47)
v, (t), 0<t<T
_ s& - W
Vegp(t) = { (3-48)

Vo T Vg (B T, T <t < 2T

to
P



This periodic square wave response waveform is now in the form that can be
handled easily by the FS or the DET. The fundamental frequency is

£, = 1/2T (3-49)
The FS coefficients of this quasi-square wave Vslp(t) are
_ T "-jmrt/Tw
D ¢, (nfy) = Aogw vy (t)e dt
2T o
w
2T -jnwt/T
- A Yy (t-T))e Yoat
se W
2T.. T
w
v 2T, -jnut/T
r =71 "e ¥ de (3-50)
ZTw Tw

The integrations in eq. (3-50) are straightforward and give the result
T -jnmt/T v
[ ¥ ovg(tre Yode + j[-")
Dnsl(nfo) w © : nm (3-51)
for n = 1,3,5,...
=0, forn = 2,4,6,...

[
»—Jlb—a

The fact that Dnsl = 0 for even n is consistent with the property that no
even harmonics exist for a symmetrical waveform. Section 3.4 demonstrated
earlier that the DFT was approximately the FS.

Unsz(nfo) = Dnsz(nfo) . (3-52)
Substituting eqs. (3-52) and (3-51) into eq. (3-47) gives the result
Vsz(nfo) = Unsi(nfo)Tw : (3-53)
for n = 1,3,5,...

This is the same result as obtained for the impulsive waveform except
that now the fundamental frequency is 1/2Tw and only the odd harmonics are
obtained. Vsﬁ is obtained only at discrete harmonically related frequencies.
.Vsz(f) may be evaluated at any other frequency by numerically integrating
eq. (3-47) directly.

3.8 Amplitude Spectrum of Common Waveforms

In timé domain pulse testing, a limited number of waveforms are com-
monly encountered. They are the step, truncated ramp, impulse, rectangular
pulse, triangular pulse, sine squared pulse, and the RF burst. These wave-
forms are important because they can be described mathematically and their
spectra can be readily calculated. Actual generators are capable of closely
approximating these idealized waveforms.
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Table 3-1 lists the various waveforms, their mathematical equations in
the time domain, and the equations for their amplitude spectrum, S(f).
Figures 3-5 through 3-10 show the waveforms and their respective S(f).

The unit step, figure 3-5, and the truncated ramp, figure 3-6, are
power signals and as such do not possess FT's as defined earlier. The
spectral equations given in table 3-1 were obtained from the more general
unified FT by deleting the delta functions. - For example, the unified FT
gives for the unit step

Flu®)] = g ¢ W) (3-54)
Flull =2,  ©>0 (3-55)

The spectrum of the ideal step, figure 3-5, is inversely proportional
to frequency. It is thus characterized by a constant slope of -20 dB/decade.
The truncated ramp's spectrum, figure 3-6, is identical to that of the ideal
step for low frequencies. However as the frequency increases and approaches
l/to, S(f) departs from the -20 dB/decade slope and assumes more the charac-
teristic of the triangular pulse, figure 3-8.

The rectangular pulse, figure 3-7, is seen to have a sin(x)/x varia-
tion (see also Chapter 2). A distinguishing feature of this pulse and most
other impulsive shaped pulses, such as the triangular pulse, figure 3-8,
and the sine squared pulse, figure 3-9, is the facf that the spectrum
amplitude approaches a constant value 2 voto at low frequencies. Voto is
simply the area under the v(t) curve. The shape of the spectrum for the
trianguiar pulse, figure 3-8, 1s 1dentical to that of the rectangular pulse
except that S(f) drops faster with frequency. Note that the vertical scale
is 20 dB/div. instead of 10 dB/div. The sine squared pulse, figure 3-9, has
its first spectrum zero at l/t0 like earlier pulses. Its higher order
zeros occur twice as often.

A special case of the rectangular pulse is the true impulse or as it is

called in mathematics, the Dirac delta function, &§(t). It is defined as
s(t) = 1im SLt) - ult-a (3-56)
a~0 a
-]
[ 8(t) =1 (2-57)

-0

This is seen to be a rectangular pulse of width a and height 1/a with a
constant unit area. Its spectrum is like that of the rectangular pulse
except that its first sin(x)/x zero occurs at infinity. In other words its

spectrum is constant for all frequencies.



In normal laboratory practice a narrow rectangular pulse is often times
referred to as an impulse. This is done with the implicit understanding that
its spectrum amplitude is essentially constant for all frequencies of interest.

The spectrum of the rectangular RF burst, figure 3-10, is seen to be
simply that of the rectangular pulse transposed in frequency by the carrier
frequency, fc. However, the sidebands are not symmetrical. The dissymmetry
is caused by the second term involving (ch + Af). This second term accounts
for the aliasing caused by the transposition of the rectangular pulse spectrum
to both +fc and -fc. When the RF burst contains an integer numper of cycles,
i.e., t, = N/fc’ then the number of zeros of s(f) between zero and fc are
equal to N. For frequencies near fc (i.e., Af = 0), S(f) is essentially
flat and approximately equal to Votb'



Table 3-1. Amplitude Spectrun of Common Waveforms

Waveform V(t S(f)
Step Voult) Vo/(nf)
v, Vot (- cos(2nfr )] 1/?
Truncated Ramp o [t u(t) - (t-to)u(t-t )]
o ° \VZ 7 (t, £)?

{s%n[nfto)'

Rectangular Pulse V_[u(t) - u(t-t )] 2Vt
o] o] o] 0| (ﬂfto)
Vo sin(nft ))°?
Triangular Pulse T [t u(t) - 2(t-t Ju(t-t ) 2V t | ——————
[ o o0
¢} (nfto) ]
+ (:-Zto)u(t—2to)]
" sin(2nft )
Sine Squared Pulse v, sin’{?t~]u(t) AR v
o/ (anto)[l-(thc)zl

- sinzl%%;)u(t-toJ]

;sin(wﬁfto) ) sin[r(zfc+ﬂf)to}

RF Burst V_[sin(Zrf t)u(t+t /2) vt
° < ° © 0 (rafz)) Tn(2f vaf)t ] |

-sin(anct)u(t—t /2)]
° where of = £ - 'f

(¥
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4. EXPERIMENTAL FFT'S OF SOME IDEAL WAVEFORMS

4.1 Background

In the course of software development for the TDANA it was found
necessary to conduct a set of experiments in order to understand more fully
the mechanisms of the FFT. (A number of rather odd spectrum amplitude observa-
tions were made when certain time domain waéeforms were transformed.) Also,
a clearer understanding of the relationship between pulse shape and spectrum
amplitude was desired for certain pulses typically encountered in time domain
studies. What follows, then, are descriptions and results of the various
experiments performed. These are broken down into two major types of wave-
forms; rectangular pulses and repetitive rectangular pulses.

4.2 Single Rectangular Pulses

For this experiment, as well as for those that follow, idealized 128-
pdint time domain waveforms were transformed on the system computer using a
moderately fast and accurate FFT routine written in BASIC. An example of one
of these time domain waveforms appeérs in figure 4-1. Photographs were then
taken of the resulting spectrum amplitudes as aohserved on the system monitor
oscilloscope. For the DFT
—jiZnn/N’

N-1
= 1 1 i = ave -
U, (nf ) iZU v g(iatye i=0,1,2, ,127 (4-1)

The observed output was of the form \Un(nfo)l where

1o, f) | = (af + b211/2 (4-2)

n
ag and bn are the real and imaginary parts, respectively, of the nth

frequency coefficient.

complex

The set of spectral points produced by this N-point transform in order
of ascending frequency, consists of a DC term, N/2-1 equally spaced harmonic
terms, a folding frequency term, and N/2-1 additional equally spaced harmonic
terms. The latter set of N/2-1 harmonic terms are merely complex conjugates
or mirror images of the first set of N/2-1 harmonic terms and are thus
redundant. Consequently, the photographs appearing in this chapter are dis-
plays of only the DC term and the first 63 harmonic terms. In the figures
lUn(nfo]l is plotted on a vertical uncalibrated linear scale. The horizontal
axls is a linear frequency scale.

Figure 4-2 is a photograph of the displayed spectrum amplitude for an
"impulsive' time domain waveform. That 1s, the first point of the 128-point
waveform was assigned a positive vatue and the remaining 127 points were set
to zero. The lower trace of points in the photo is a baseline reference only
and not part of the spectrum. As one would expect, the spectrum amplitude
for this waveform has a constant value.
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By making the pulse width two points wide rather than one, the photo in
figure 4-3 results. Note that for a two-point rectangular pulse, the spectrum
amplitude decays to a zero value at the folding frequency (ff). This will be
true for any length FFT as long as the total number of points in the time
domain waveform is ZY, Y a positive integer.

The photo in figure 4-4 is a spectrum amplitude display of 'a tnree-
point rectangular pulse. The only zero now occurs at two-thirds ff. "After
this zero the spectral density rises again arriving at a peak value at ff.

Figure 4-5 is the spectrum amplitude for a four-point rectangular pulse.
Two zeros are now present, one at one half ff and one at ff. A number of
inferences may now be made. First of all, it appears that the number of
zeros occurring between DC and ff in the spectrum amplitude of a rectangular
pulse is equal to half the number of points in the pulse. This is indeed
true, not only for a 128-point transform but for a transform of any length

ZY, Y an integer. Expfessing this mathématically,

n
N, = 22, n < (4-3)

o P

[\ b4

where No is the number of spectral zeros, n_ is the number of points in the
rectangular pulse, and N is the number of points in the time waveform. The
restriction that the pulse width cannot be wider than half the time window
will be explained and modified below.

By simply looking at figure 4-6, now, since there are six spectral
zeros between DC and f. one could apply eq. (4-3) to show that the number of
points in the pulse is twelve., Likewise, since the photo in figure 4-7 con-
tains 16 zeros there must have been 32 points in the rectangular pulse
generating that spectrum. ’

Now to carry this inference a step further, one may imply that the
number of zeros present between DC and ff for a rectangular pulse spectrum
amplitude 1is really a function of the ratio of the pulse width, 1, and the
width of the time window, T. That is,

Nt

Ny = 77 <T§T (4-4)

=]

where NO is again the number of zeros occuring between DC and ff. The lower
Iimit on t (i.e. T/N) 1indicates that the spectrum for a single-point pulse
contains no zeros. The upper limit of T/2 can best be explained by com-
paring the spectra shown in figures 4-7 and 4-8. The spectrum in figure 4-7
corresponds to a 32-point rectangular pulse while a 96-point rectangular
pulse generated the spectrum in figure 4-8. MNote that, aside from the dif-
ference in DC terms, both spectra are identical. (The spectrum in figure 4-8
was scaled down vertically to allow display cf the large DC term.) The time
domain rectangular pulse that generated the spectrum in figure 4-7 (32 points)
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corresponds to a pulse width of —7? -9%/4 the total time window. That of
figure 4-8 corresponds to a width of 78 3/4 the total time window. Since
the pulse causing the spectrum in figure 4-8 is really a negative pulse with
a width of 1/4 the total time window, and since the spectrum amplitudes for
both positive and negative pulses of equal width are the same (disregarding
the DC terms), it follows that the two spectra should be. the same. Equation
(4-4) may now be expanded to cover all possible pulse widths as follows.
ToN<te?
No = (4-5)

N(T-1) T

_<_T<T'N'._
This equation is a very helpful rule of thumb for quickly determining the

Z|

NS

relationship between a time domain rectangular pulse and its spectrum ampli-

tude. If one knows the folding frequency and the number of zeros, No’ in the
spectrum, he may quickly determine both the pulse width and the width of the

time window. It should be noted, however, that eq. (4-5) does not provide .

the pulse polarity, thus allowing a possibility of two answers. In practice

this ambiguity is usually avoided by prior knowledge of the approximate pulse
width, i.e., greater or less than T/2. ’

Another interesting observation was made concernlng rectangular pulses of
widths close to but not equal to T/2. Figure 4-9 is a photo of the spectrum
amplitude for a 40-point rectangular pulse. Substitution of 40 for n_ in
eq. (4-3) yields a value of 20 for NO. Careful scrutiny bf figure 4-8
indicates that there are 20 zeros in the spectrum but this count is diffi-
cult to make due to the lack of symmetry of the spectral points. The
spectrum amplitude of the Fourier transform for a rectangular pulse is of
the form K|sin(x)/x| where K is a function of both pulse width and pulse
amplitude, and x is a function of pulse width (see eq. 2-5). For the FFT
of the same rectangular pulse the location of the observed spectral points
with respect to the continuvus integral transform curve is a function of both
pulse width and time window width. There is a lack of symmetry in figure 4-9
because the ratio of time window width to pulse width is not an integer
power of 2.

Between DC and the folding frequency the spectrum amplitude points for
the FFT of a rectangular pulse may be expressed as

no=0,1,20 § (4-6)

U, (nE ) |

where spectrum aliasing has been neglected. n is the harmonic number, ]Unl



is the spectrum amplitude point for the nth harmonic, T is the pulse width,
T is the time window width, X is a magnitude constant, and N is the total
number of points in the transform. For the example of a 40-point pulse in
a 128-point time window, eq. (4-6) becomes

Snm

sin(>y7)

= K o

U n=0,1,2-++64. (4-7)

nl
Because of the 5/16 fraction in the argument of the sine term, the values of

|Un! as n goes from 0 to 64 will be out of synchronization with the peaks and
zeros of the sine function.

If we now examine the case of a 32-point pulse in a 128-point time
window, eq. (4-6) becomes,
sin(37)

n

fugl = K

n n=0,1,2°+64. (4-8)

The values of lUn| will now be synchronized with the sine function, i.e., the
values of the sine term will repeat as 0, n/4, w/2, 3n/4.

Parenthetically, if one wishes to express T and T in units of time
rather than simple integérs, éq. (4-6) becomes,

sin(wfnt) N
IUn',= X ——En——,r—- n=0,1,2¢¢¢ 7 (4-9)
where, from the definition of the DFT,
‘fn = %. n = 0¥1,2... %1._ (4_10)

The important point to notice in eq. (4-6) or (4-9) is that the ratio t/T
must evaluate to a fraction of the form 1/n, n an integer, in order for the
peak and zeros of the sine function to be synchronized to the values of \Uni.
Because the FFT requires time window widths that contain 27 points, the
fractional form of 1/n will only occur if the pulse width also contains a
number of points equal to a power of 2.

The constant X 1s a function of both pulse width and pulse amplitude.
Figure 4-10 is the spectrum amplitude for a 4-point rectangular pulse with an
amplitude of 3200 arbitrary units in a 128-point window. The spectrum ampli-
tude for an 8-point pulse of amplitude 1600 is shown in figure 4-11. Figure
4-12 is the spectrum for a lﬁ-boint pulse of amplitude 800. In each case
the areas under the pulses (amplitude times width) are the same. These
three figures graphically illustrate the fact that while K is a function of
the area under the pulse, the number of spectral zeros or peaks obtained will
be a function of 1/T.



The last experiment of interest performed on rectangular pulses was
concerned with pulses of width T/2 or very close to T/2. Figure 4-13 is a
photo of the spectrum amplitude for a rectangular pulse of width T/2. Note
that, from eq. (4-6), the magnitude of the harmonic terms alternate between
zero and a decreasing posi;ive value as the frequency goes from DC to ff.
This is the DFT equivalent of the Fourier series representation of a sym-
metrical square wave where the even harmonics are all zero and the odd
harmonics decrease monotonically as a function of frequency. As described
elsewhere in this report, one may take advantage of this property of a pulse
of width T/2 to eliminate unwanted zeros in the spectrum amplitude,.

For pulses with widths very close to T/2 an interesting rectangular
spectrum amplitude results. Figure 4-14 is the spectrum for a 511-point
rectangular pulse. The total time window, or equivalently, the transform
length, was 1024 points. For this figure, as for the two that follow, a
1024-point transform was used rather than a 128-point transform for purposes
of clarity. Also, the displays are logarithmic in amplitude and because of
certain system memory limitations, only the first 500 of the 512 useful
spectral points are displayed. It may be seen, however, that the even
harmonics appear to be constant while the odd harmonics decay in amplitude
to a zero at ff. ;

Figure 4-15 is a spectrum amplitude display for a 508-point rectangular
pulse. A trend may now be noticed that the odd and even harmonic spectral
amplitudes vary up and down alternately. Equation (4-5) may be used to show
that, for figure 4-14, there must be 255-1/2 actual zeros in the spectrum
amplitude while the spectrum amplitude for figure 4-15 must contain 254
actual zeros. From eq. (4-6) it may be shown that the sine term variations
are just slightly out of synchronization with the values of ]Un]. In addi-
tion, eqs. (4-50 and (4-6) may be used to show that the number of points
missing from or added to a pulse of width T/2 is equal to the number of
zeros observed in the display for pulses with widths close to T/2. For
example, the single zero in figure 4-14 indicates that the time domain pulse
must have countained either 5311 or 513 points. Similarly, the pulse produclng
the display in figure 4-15 must have contained either 508 or 516 points.
Figure 4-16, studied closely, contains 19 zeros (or approaches toward zero)
indicating that the pulse must have contained 512 * 19 points, i.e., 493
or 531 points.

The major practical utility of this phenomenon is that a pulse width of
exactly T/2 should be used to avoid the beat phenomena. An algorithm that
transforms a step-like time domain waveform into a waveform of T/2 width is

described in section 4.4.
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4.3 Repetitive Rectangular Pulses

Armed with a practical knowledge of the spectrum amplitudes of single
rectangular pulses, one could logically ask how the spectra of two or more
rectangular pulses in the time window would appear. Several combinations
of rectangular pulse transforms are described in this section. As was the
case with the single rectangular pulse transforms, 128-point time domain
waveforms were generated and transformed using the system minicomputer. The
resulting 64-point spectrum amplitudes were again displayéd on the system
monitor oscilloscope.

Figures 4-17 through 4-20 are photographs of the spectrum amplitudes
of an "impulse' pair. Referring to eq. (4-1), the time domain waveform,
vsd(iAt), consists of a 128-point array; two of the points are assigned a
positive value and the other 126 points are set to zero. Thus, the FFT
"sees' a pair of impulsive signals in the time window.

Figure 4-17 is a display of the spectrum amplitudc for the impulsc pair
vsd(At) and vsd(SAt) = 1. Comparison with the spectrum amplitude for a
single impulse (fig. 4-1) shows that a zero has been introduced into the
previously constant spectrum. Figure 4-18 is the displayed spectrum for
the impulse pair vsd[At) and vsd(4At) = 1, and figure 4-19 shows the spectrum
for the pair vsd(At) and vsd(ISAt) = 1. Observation of these three figures
indicates that as the impulses are spaced farther apart more zeros appear
in the spectrum. Figure 4-20 is a display of the spectrum amplitude re-
sulting from an impulse pair separated by half the time window, i.e.,
vsd(At) and vsd(65At) = 1. For this case, all of the even harmonics have
been forced to zero.

In the last section it was shown that the maximum amount of useful
spectral information for a single rectangular pulse was obtained by choosing
the pulse width to be exactly half the time window. Similarly, the results
of this impulse pair experiment appear to indicate that maximum spectral
information is obtained when only one impulse is present in the time window.
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to further complicate matters, the number of zeros generated is a function
of the spacing between impulses. The next set of experiments discussed
reinforces this notion.

Figures 4-21 through 4-23 are all spectrum amplitudes of four-point
rectangular pulse trains. Figure 4-21 is the spectrum of two four-point
rectangular pulses spaced half the time window apart. Comparison with
figure 4-5, the spectrum for a single four-point rectangular pulse, shows
an agreement in spectral envclopc shape. Figure 1-I1 differs only by the
fact that all even harmonics are zero. This also agrees with the impulsive
pair transform for a pulse separation of half the time window, i.e., two
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equally spaced pulses in the time window yield a transform similar in shape
to that of a single pulse, the only difference being the zeroing of the even
harmonics.

Figure 4-22 is a photograph of the spectrum amplitude for a train of
four equally spaced four-point rectangular pulses. Note now that only every
fourth spectral point is non-zero. The spectrum for a train of eight equally
spaced four point rectangular pulses is shown in figure 4-23. In this case,
only every eighth spectral point is non-zero. As was iﬁdicated by the
impulse pair transforms, the amount of useful spectral information is in-
versely proportional to the number of identical rectangular pulses in the
time window. In general, it may be shown that the amount of useful spectral
information is inversely proportional to the number of cycles of any periodic
waveform present in the time window. The more cycles present in the time
window, the more spectral points become zero or nearly zero. Ultimately, for
a periodic waveform at the folding frequency, all spectral points become
2ero except the DC term. Thus, a periodic waveform at exactly the folding
frequency will be "invisible" to .the DFT and any frequencies higher than
ff will be aliased back down and will erroneously appear as non-zero spectral
values below_ff.

Figures 4-24 through 4-26 have been included to show the effects ot
disturbing the symmetry within a rectangular pulse train. Figure 4-24 is
a display of the spectrum amplitude of two four-point rectangular pulses
spaced almost half the time window apart. The two pulses were placed at
At through 4At and 644t through 67At. The distortion is most evident in the
even harmonics when compared to figure 4-21. Figure 4-25 is a‘photograph
of the spectrum amplitude for the same two four-point pulses but this time
placed at At through 44t and 634t through 664t. Thus, as was noticed for
the impulse pair transforms, the spacing between pulses strongly affects
the shape of the resulting spectrum.

Figure 4-26 shows the effect of varying the width of one rectangular
pulse with respect to the other in a pulse pair. In this case a four-point
pulse was placed at At through 4At and a two-point pulse was placed at 65At
and 66At. Note the similarity to figures 4-3 and 4-5.

The last waveform transforms examined in this section are those for
pulse doublets, that is, a. positive pulsc followed by a negative pulse.
Figure 4-27 is the spectrum amplitude of a positive pulse at At through
8At and an equal magnitude negative pulse at 94t through 16At. Figure 4-28
is the transform of a positive pulse at it through 16At and an equal magni-
tude negative pulse at 174t through 324t. As the width of the two pulses
is increased the first spectral peak will shift to the left and the number
of spectral zeros will increase. Finally, for pulse widths of half the time
window, the specttum of figure 4-13 will be generated.
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4.4 Practical Application of the DFT to Waveform Spectral Analysis

In this section some practical guidelines and algorithms are presented
for the application of the DFT to actual pulse and step waveforms acquired
with the TDANA system. These guidelines and algorithms are based in part
on interpretation of the ideal pulse experiments of the previous section.

In practical applications of the DFT to spectral analfsis of time domain
waveforms, the two major problems encountered are commonly referred to as
"aliasing" and "leakage' [32]. Based upon knowledge gleaned from the ideal
pulse experiments described in the last section (4.2), methods have been
developed that minimize errors caused by these two DFT problems.

Aliasing, first, is a term used to describe errors arising in the
computed spectrum'of a time domain waveform that is not band-limited.
Shannon's Sampling Theorem [33] states that if a function of time, f(t)
contains no frequen;ies higher than fo hertz, then it is completely deter-
mined by giving the value of the function at a series of equispaced points
7%; seconds apart. From a DFT spectral point of view, this means that
there will be no overlapping of spectra, and therefore no aliasing errors
if the time domain waveform contains no frequency components above the
folding frequency, ff. Recalling that the folding frequency is related
to the sampling period by

fe = yie (4-11)
where At is the time spacing between samples, it becomes apparent that
aliasing errors can be avoided by increasing ff, or equivalently, by de-
creasing the sampling period, At. An equally effective method of elimi-
nating aliasing errors is to band-limit the time domain waveform to ¢on-
tain no spectral energy at frequencies above the chosen ff.

In practice, both methods are used to avoid aliasing errors. The time
window and transform length, which together will dictate the sampling period,
are judiciously chosen to yield a value of ff considerably higher than the
highest frequency in the measurement band of interest. To be safe, ff is
usually chosen to be at least twice the highest frequency of interest.
Additionally, low-pass filters are often used on the output of the pulse
generator to band-limit the reference waveform to the measurement hand of
interest.

The elimination of leakage errors is not quite as simple. Leakage
errurs are the result of discontinuities in the time domain waveform caused
by the fact that the DFT assumes that the waveform in the time window is
periodic over all time. Thus, for example, 1f a waveform in the time window
starts at 0 V and ends at 2 V, the DFT of this waveform will contain leakage
errors. One way to visualize this is to mentally draw the waveform to be
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transformed arc.und a cylinder whose circular perimeter is equal to the length
of the displayed time window. If the beginning and end.part of the waveform
do not exactly meet with the same slope, leakage errors will occur. Stated
another way, the periodic function over all time is constructed by repeating
the waveform in the time window over all time, i.e.

£.(6+2T)  -2T <t < -T

£1(t+T) -T<t<o0
() = $£;(1) 0 <t <T (4-12)
£r(t-T) T<t<2T
<t < 3T

£(t-2T) 2T

. .

\

where fT is the waveform in the time window and T is the time window. This
function must be continous and have a finite first derivative at the points
t = kT for k.= 0, *1, #2, ... to, Otherwise, leakage errors will result

in the DFT spectrum.

The usual approach [34] is to minimize leakage errors by multiplying
the time domain waveform data by some weighting function. In effect, when-
ever a waveform is transformed using the DFT, the waveform is multiplied
by the time window, represented by a unity amplitude rectangular pulse. In
the frequency domain the waveform spectrum is convolved with the spectrum of
the unity amplitude rectangular pulse. As long as the waveform meets the
criteria stated above (continuous with a finite first derivative at t = kT),
then no leakage errors will occur. Whenever there is a discontinuity at kT,
however, the resulting spectrum will be the correct one convolved with the
spectrum of the "artificial" step waveform caused by the rectangular time
window. This usual method, then, involves multiplying the waveform data by
some weighting function other than the rectangular pulse implicit in the
DFT operation. The reader is directed to Refefence [34] for a description
of a few of the more commonly used weighting functions as well as a fairly
comprehensive list of additional references on the subject. The main point
to be made here is that no matter what weighting function is chosen to force
the waveform data to meet the no-leakage criteria, the resulting spectrum
must be in error to the extent that the weighting function distorted the
original waveform data.

A very simple algorithm has been developed by Gans which, for certain
classes of waveforms and for certain applications, completely eliminates

the effects of leakage errors. This "windowing algorithm" involves inverting
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the original time domain waveform, shifting DC levels, and attaching this
new waveform to the end of the original waveform. The effect is to create a
new waveform, twice as long in time as the original, which is mathematically
described as, ‘

£(t) 0<t<T

e o - (4-13)
wa(t) {_f(t-n + £(0) + £(T) T <t <27

where f(t) is the original waveform, fWA(t) is the new waveform obtained
from the windowing algorithm, and T is the original time window.

Figure 4-29(a) is a photograph of a typical step-like waveform obtained
on the TDANA. Transforming the waveform would lead to disastrous leakage
errors due to the fact that the initial and final voltage levels of the
waveform differ substantially. Figure 4-29(b) is a photograph of the same
waveform after being modified by the windowing algorithm. Notice that the
time window becomes 2T and that the new waveform closely resembles a rectan-
gular pulse of width T. As long as the slope of the original waveform is
zero at t = 0 and t = T, this algorithm will yield a new waveform that
fulfills the no-leakage criteria. . ,

Furthermore, experiments have shown that this new waveform, created
from a step-like original waveform, will have a spectrum amplitude very
similar to that shown in figure 4-13. That is, the spectrum amplitude will
be essentially that of a rectangular pulse whose width is half the time
window. (Recall that, for this special case, all of the even harmonics of
the spectrum are zero and all the odd harmonics decay monotonically as 1/f.)

Indeed, experiments on a variety of step-like waveforms have shown
that the spectrum amplitude of figure 4-13 always results from step-like
waveforms modified by the windowing algorithm. The only deviations in the
spectrum of actual step-like waveforms, in comparison to the spectrum of
figure 4-13, are those caused by the deviations of the actual waveform from
the ideal rectangular pulse shape.

An heuristic proof of the validity of this algorithm may be made simply
by considering the actual step-like waveform acquired and modified by the
windowing algorithm to be the output waveform of some linear circuit driven
by an ideal rectangular pulse source. One would expect, then, that the
spectrum amplitude of the output waveform would be the magnitude of the
product of the input spectrum and the transfer function of the linear
circuit.

Another way of justifying the use of the windowing algorithm is to
consider that the step response of a 1linear system will have the same form,
regardless of the input step polarity. A linear system must ''go up" and
""come down' along the same but inverted curve 1f the input differs only in
polarity. ' The windowing algorithm may be thought of as the response of-the
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linear system to a rectangular pulse whose duration is great enough for the

system response to reach essentially its final value before the pulse turns-off.

This algorithm, then, synthesizes a rectangular pulse response waveform from
the original step response waveform and assumes that the system is linear.
The characteristics of, and restrictions governing the use of this windowing
algorithm may be summarized as follows. ’

To obtain leakage error-free results, the original time domain waveform
only must have a zero slope at the beginning and end points of the time
window. The price paid to eliminate leakage errors with this algorithm is the
requirement of performing a double-length FFT on the waveform data. If a
512-point step-like waveform is acquired, for example, then the waveform
resulting from the algorithm will consist of 1024 points. Just as was the
case for the spectrum amplitude of an ideal rectangular pulse whose width is
half the time window, all of the even harmonics resulting from the FFT of the
1024-point waveform will be zero. As one would expect, no new information
is introduced into the spectrum by the fact that the transform length has been
doubled. ' ‘

The output spectrum amplitude of the DFT, operating on a waveform modi-
fied by the windowing algorithm will consist of a DC term, and amplitude
coefficients at frequencies

. 2 5 ... (4-14)
2T 2T 2T 2T
where T is the original time window and N is the original number of points
in the acquired waveform. Of these amplitude coefficients, the ones at
frequencies higher than the folding frequency, i.e.,

_N )
g2 L (4-15)

2T
are redundant. Also, the amplitude coefficients of all the even harmonics
will be zero due the the symmetry of the modified waveform. The remaining
odd harmonic amplitude coefficients, i.e.,

fo= = 1=1,3,5,., == (4-16)

A 2T
will be currect and useful.

Finally, it should be mentioned that applying the windowing algorithm

to waveforms that already meet the no-leakage criteria is valid but wasteful.
Since half of the useful spectral coefficients will be zero, then no new
information is gained by performing a double-length transform on the original
waveform data. All of the useful spectral information available is obtained
by transforming the original waveforn.
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Figure 4-2. Spectrun Amplitude ¢f ar “Ippulsive" Figure 4-3. Spectrum Amplitude of a 2-Point
Time Domain Waveform. Rectangular Pulse.

. B . R Figure 4-5. Spectrum Amplitude of a 4-Poj
Figure 4-4. Spectrum Amplitude of a 3-Point B pectru plity a oint
Rectangular Pulse. Rectangular Pulse.

Figure 4-6. Spectrum Amplitude of a 12-Point Figure 4-7, Spectrum Amplitude of a 32-Point
Kettangular Pulse. keTttangular Fulse.
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Figure 4-13. Spectrum Anmplitude of a 4-Point Figure 4-11. Spectrum Amplitude of an B-Point
Rectangular Pulse of Amplitude Rectangular Pulse of Amplitude
3230 Unaits., 1600 Units.

Figure 4-12. Spectrum Amplitude of a 16-Point Figure 4-13. Spectrum Amplj iy
Rectangular Pulse of Amplitude RgCtangﬁlarDéiigge of a 64-Point
§0C Units. .

Figure 4-14. 351Z-Point Spectrum Amslitude of a Figure 4-15. gég:?0§nt ipectrum Amplitude of a
€11-Pcint Rectangular Pulse in a 1074Pglgt estangqlar Pulse in a
1024-Point Time Window. 2&-?oint Time Wirdow.

Figure &-l6. 2-Foint Spectrum Amplitude of a Figure
-P2int Rectangular Pulse
-Foirnt Tinme Window.




Figure 4-18. Spectrum Amplitude of ar "Inpulse" Figure 4-19.- Spgdfruq Amplitude of an 'Impulse"
Pair. Vgp(at) = Vgpl4ar) = L. Pair. Vgp(at) = Vp(l3at) = 1.

Figure 4-20. Spectrum-Amplitude of an “Impulse" Figure 4-21. Spectrun Amplitude of Twc 4-Point

Pair. V_D(At) = VSD(ésAt) = 1. Rectangular Pulses Separated by t1/2.
o

. - . : A eDaine Figure 4-23. Spectrum Amplitude of Eight 4-Point
Figure 4-22. §§§§5;§$13¢p§3§?:§ ggci°§;p;r§:;3“ Rectangular Pulses Each Separated
sv ot/4. by t/8.
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Figure 4-24. Specttum Amplitud Spectrum Amplitude of Two 4-Point
5
Re

ctangular Pulses 3pacel tv =3 T. Rectangular Pulses Spaced by 9;§ T.
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Figure 4-26. Spectrum Amplitude of a 4-Point and a
2-Point Rectangular Pulse Separated by
/2.

Figure 4-27. Spectrum Amplitude of an 8-Point Positive
Rectangular Pulse Immediately Followed by
an 8-Point Negative Rectangular Pulse of
Equal Amplitude Magnitude.

Figure 4-28. Spectrum Amplitude of a 16-Point Positive
Rectangular Pulse Imneciately Followed by
a 16-Point Negative Rectangular Pulse of
Equal Amplitude Magnitude.
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Figure 4-29. Example of Windowing Algorithm Applied
to a Step-Like Waveform.
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5. TIME DOMAIN AUTOMATIC NETWORK ANALYZER

We have given the acronym, Time Domain Automatic Network Analyzer
(TDANA), to the particular system that we have assembled to perform the
pulse testing of RF and microwave components. The basic TDANA system,
figure 5-1, consists of a fast transition time pulse generator, a wideband
sampling oscilloscope, and a minicomputer. 'Figure 5-2 is a photograph of
the acfual system. The pulse generator is the exciting source that supplies
spectral amplitude from dc to the microwave (GHz) region. The sampling
oscilloscope is the receiver capable of operation over the same frequency
range. The minicomputer performs two important functions. The first is
data averaging to improve the system signal to noise (S/N) ratio. The
second function is to transform the averaged time domain measurement data to

the desired computed freyuency domain data via the fast Fourier transform (FFT).

S.1 Pulse Generator

The pulse generator serves as the exciting source. In classical meas-
urement methods frequency data is obtained on a point-by-point basis by
stepping the frequency of a sine wave oscillator. A pulse generator, on the
other hand, is theoretically capable of exciting an infinite series of fre-
quencies simultaneously. All the frequencies generated are harmonically re-
lated to the fundamental repetition rate (foj of the generator. In actuality
a practical upper frequency limit is always reached when the spectrum ampli-
tude decreases below the system noise level.

For the TDANA some practical limitations are imposed upon the parameters
of the input waveform. The sampler used in the TDANA has a specified dynamic
range of £+ 1 volt and a burnout level of = 3 volts. Actually some compres-
sion of signals occurs at levels somewhat below the specified range of
+ 1 volt [35]. Thus, to avoid compression, we have imposed an upper limit of
500 mV on signals applied to the sampler. The noise level of the sampler

I+

is typically 10 mV p.t.p., and thus for an adequate S/N ratio the pulse
generator amplitude should lie in the range of 100 mV to S00 mV.

The pulse generator must also generate a stable pretrigger for the
oscilloscope (v 75 ns in advance of the main pulse) or be capable of being
triggered electronically with picosecond precision. Any time jitter between
the trigger and main pulse serves to degrade the TDANA system performance [36].

The choice of a pulse generator depends upon the particular measurement
to be undertaken. The major choices concern the 10%-80% transition time
and waveshape. The transition time is inversely proportional to the upper
frequency of interest. Thus MHz range measurements require ns transition

times and GHz measurements call for ps transition times. The waveshape
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choice usually boils down to (1) a step-like square wave pulse, (2) an im-
pulsive signal, or (3) an RF burst. The RE burst is used when measurements
are wanted only in a band of frequencies. The square wave carries considerable
low frequency spectral amplitude and has a 1/f frequency roll-off. The im-
pulsive signal has a flatter spectrum, but its spectral amplitude at low
frequencies is less than for a square wave .of equal amplitude.

Chapters 2, 3, and 4 discussed and showed examples of various pulse
spectra. The guidelines discussed should be followed in the selection of
the actual transition time and pulse duration used. The best TDANA measure-
ment results are obtained when the pulse generator used has a "clean" wave-
form free from a lot of fine structure on the waveform. The pulse spectra
should be band limited, i.e. the transition time should be just fast enough
so that its spectra covers the band of interest. The transition time, tos
should be t. > 4At where At is the sampling interval. This is necessary to
reduce aliasing in the DFT and to obtain accurate repeatable measurements.

For transition times and durations greater than 1 ns, commercial
generators are available which allow these parameters to be adjusted easily.
For faster pulses, the available generators tend to have fixed-pulse
parameters.

The very fastest generator used was a tunnel diode with a transition
time on the order of 15 ps. This generator produces a step-like output of
250 mV amplitude into 50 ohms with a 50 ohm source impedance. Attempts to
differentiate this step into an impulsive waveform usually result in a loss
in amplitude and a slowing of the transition time.. Thus for measurements -
into the X band region we are constrained to using a step-like signal. The
tunnel diode generator was used for the attenuator measurements reported in
Chapter 8.

Larger amplitude (several volts) step and impulsive signals in the 70 ps
region can be generated using snap-off diodes. In the 500 ps region avalanche
transistors aré useful for generating 50 V pulses. Figure 5-3 through 5-6
show the measured pulses and calculated spectra of several different pulse
generators,

Figure 5-3(a) is the leading edge transition of a commercial pulse
generator. It produces a positive or negative pulse of adjustable ampli-
tude up to * 10 volts into 50 ohms. The 10%-90% transition time is 0.75 ns.
The pulse duration is continuously adjustable from 1 ns to 100 ns. The
pulse repetition rate is variable up to 1 MHz. This generator is typical
of 1 ns generators in which the waveform can be adjusted. With the pulse
duration set at 100 ns and a waveform time window of 10 ns, the waveform
is step-like: Thus the square wave FFT program was used to calculate the
spectral intensity, figure 5-3(b). Ihe fundamental frequency is

fO = 1/2Tw = 50 MHz. The even harmonics are elininated due to the square

-
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wave symmetry. Harmonics at 150, 250, 350 MHz, etc. are plotted. The
parameter plotted versus frequency is the spectral amplitude S(f) in volts-
sec. S(f) follows closely that of the ideal truncated ramp, table 3-1,
with useful spectral content up to 1 GHz.

Figure 5-4(a) is the leading edge transition of an NBS built snap-
off diode pulse generator. The maximum pulse amplitude is +18 volts. The
transition time is approximately S50 ps with 25% overshoot. The pulse
duration is fixed at 20 ns. The repetition rate is crystal controlled from
200 Hz to 100 kHz in a 1-2-5 sequence. This waveform is also step-like. Its
speckral amplitude S(f) is shown in figure 5-4(b). It is useful up to 10 GHz.

Figure 5-5(a) is the leading édge transition of the 15 ps tunnel
diode pulse generator discussed earlier. Figure 5-5(b) shows that S(f)
has a useful spectrum to above 30 GHz.

A very. fast impulsive waveform may be obtained by differentiating the
step transition from a snap-off diode. Figure 5-6(a) shows the resultant
time domain waveform. The impulse amplitude is 4 volts, and the full width
half amplitude (50%-50%) duration is 74 ps. Figure 5-6(b) is the calculated
spectral amplitude. S(f) is essentially flat out to 6 GHz, and it is down
by -20 dB at 10 GHz.

'~ To directly compare the various pulse generators the spectra from
figure 5-3 to 5-6 are plotted in dB v-ps versus log frequency on figure 5-7.
The tunnel diode is seen to provide the smoothest S(f) over the frequency
range of interest up to 12 GHz. It however also gives the lowest level
spectral amplitude. An equalizing factor, however, is the * 1 volt dynamic
range of the TDANA sampler. The peak voltage of all the generators except
the tunnel diode exceeds the 1 volt limit. Their outputs must be attenuated
which shifts their spectra down as shown on figure 5-7.

5.2 Sampling,Oscilloscope

An NBS modified commercial sampling oscilloscope is used in the TDANA.
The oscilloscope consists of four modules. They are (1) a variable
persistence storage CRT mainframe, (Z) sequential sampling time base plug-in,
(3) sampling vertical amplifier plug-in, and (4) remote sampling head.

The CRT mainframe furnishes power to the sampling plug-ins and houses
a variable persistence storage CRT. Its dimensions are 22.1 cm x 42.5 cm x
46.7 cm, and it fits into a standard 48.3 cm (19 inch) rack panel.

The sequential sampling time base features equivalent sweep time ranges
of 10 ps/cm to 5300 us/em in a 1, 2, 5 sequence. It has two trigger inputs
(f <1 GHz, 1 GHz < f < 4 GHz). For pulse triggering, its time jitter is

specified¢ at less than 10 ps on the 1 ns/cm range.
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The sampling vertical amplifier plug-in is designed to operate with
a remote sampling head. It features dual channel operation and deflection
factors of 1 mV/cm to 200 mV/cm in a 1, 2, 5 sequence.

The remote sampling head contains two samplers. It has a risetime
of 20 ps and a bandwidth of dc to 18 GHz. It is a 50 ohm feed-through
coaxial sampler with APC-7 precision 7 mm connectors on the input and out-
put. The dynamic range is * 1 volt. The unsmoothed noise of the sampler
is of the order of 10 mV p.t.p.

An NBS modification of this commercial sampling oscilloscope was
necessary to interface it with the minicomputer. Analog amplifiers were
added to provide Ch A, Ch B, and X output voltages to the minicomputer
analog to digital (A/D) converter. ' An amplifier was also necessary to
allow the minicomputer digital to analog (D/A) converter to drive the
X axis in the time base. Considerable digital logic circuitry was also
necessary to allow the computer and oscilloscope to communicate back and
forth. <Chapter 6 will describe in full detail the interface and oscil-
loscope modifications.

5.3 Minicomputer

The computational portions of the TDANA are shown in the block diagram,
figure 5-8. It consists of a minicomputer and several peripherals. They
include teleprinter, high speed paper tape punch and reader, floppy disc
memory, an A/D with multiplexer, 3 D/A's, and a storage display CRT monitor.

The minicomputer is a general purpose computer system with a 16 bit
word length. The machine is organized around four accumulators, two of
which can be used as index registers. It is equipped with a programmer's
console. Its maximum memory capacity is 32K words while our unit presently
has 28K words. The full memory cycle time is 2.6 us and it executes
arithmetic and logical instructions in 1.35 us. It mounts in a standard
48.3 cm (19 inches) rack. Its height is 26.7 cm (10.5 inches) and has
sixteen plug-in slots available for memory and I/0 interfaces. Not all
slots are presently being used.

A standard electromechanical teleprinter is used. It operates at
ten characters per second. Eight channel fanfold perforated paper tape
is used with the high speed paper tape reader and punch. The reader operates
photoelectrically at 300 characters per second. The punch can output at
63.3 characters per second.



The flexible disc memory greatly enhances the memory capacity of the
TDANA. It features a direct access, removable disc. The disc is round,
flat, and appears similar to a 45 rpm record. It is coated with a gray
magnetic iron oxide material. The discs are inexpensive (< $10). The disc
rotates at 375 rpm. Data may be retrieved at a rate of 250 kilobits/sec.

The disc has a memory capacity of 2.2 megabits or 131K, 16 bit words.

The multiplexer, A/D, and D/A's are all housed in a separate unit called
the data conversion system. They provide the analog connection with the out-
side world. The multiplexef allows up to eight analog input channels to be
routed to the A/D-converter.

The analog to digital (A/D) converter provides 14 bits or resolution
(i.e. 1 part in 16,384). The nominal conversion time is 84 us. This cor-
responds to a maximum conversion rate of 11.9 kHz. The sampling oscilloscope
is capable of sampling at rates up to 100 kHz (higher input frequencies are
counted down below 100 kHz). The maximum conversion rate of this A/D thus
sets the maximum data acquisition rate of the TDANA. A faster (and more
expensive) A/D would allow TDANA measurements to be performed in a shorter
time, particularly when signal averéging of large numbers of waveforms is
required.

The X sweep voltage for the sampling time base is furnished by a 14 bit
digital to analog (D/A) converter. The D/A settling time to 1/2 least signi-
ficant bit (LSB) is 5 us. Two inexpensive NBS built D/A's are used to drive
the CRT monitor. They have 10 bit resolution (1 part in 1024).

The display monitor features a bistable storage CRT. The screen is
8 cm x 10 cm. It is simply an X-Y monitor and must be supplied with X and
Y voltages and Z unblanking and has a bandwidth of dc to 100 kHz. Problems
have been encountered in this instrument with gain and position drift as
functions of operating time and temperature. It is not recommended that
this particular monitor be used in future TDANA's.
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Figure 5-2. Photograph of Time Domain Automatic Network
Analyzer (TDANA).
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6. SAMPLING OSCILLOSCOPE/MINICOMPUTER INTERFACE

This chapter will describe in detail the NBS modifications and addi-
tional circuits added to the commercial sampling oscilloscope to interface
it with the minicomputer. They include analog treatment of Ch A, Ch B, and
X voltages along with external voltage control of the time base X position.
Digital logic is also included for oscilloscope/computer communication.

6.1 Analog Interface

The major analog interface requirements are the voltage range of 0 V to
+5 V for the A/D input and the D/A output, corresponding to 10 cm deflection
vertically and horizontally, respectively. These voltage ranges do not exist
in the oscilloscope exactly. Thus amplifiers are needed. The amplifiers
must not affect the operation of the existing circuits to which they are
connected.

Figures 6-1 and 6-Z are the schematics of the analog interface. There
are four nearly identical circuits for the Ch A data out, Ch B data out,

X data out, and the X sweep in. Only Ch A is discussed as an example.

The desired Ch A sampled data voltage is found in the sampling vertical
amplifier plug-in at the dc amplifier output of the channel A stretcher loop.
The voltage at this point varies from -1.8 V to +1.8 V corresponding to
deflection at the bottom or top of the CRT screen (0.36 V/cm). To obtain
0 Vto +5.0V a gain of +1.38 and a dc shift of 2.5 V is required.. The 531
fast slew rate, operational amplifier provides the necessary gain. The gain
is fixed by the resistor ratio (R1+R2)/R1. The dc shift, V is obtained
1 dc Vo is fixed
by the resistor ratio, Vos = —(RZ/Rl)VdC. Vdc is provided by the 741 opera-
tional amplifier. DC power is obtained from the supply voltages already
present in the plug-in.

os’

by 1lifting the hottom leg of R, hy a fixed dc poteniial A

The analog interface components are mounted on a single circuit board,
figure 6-3, that is mounted in unused space in the top half of the sampling
vertical amplifier, figure 6-4. The analog signals to and from the mini-
computer's A/D and D/A are transmitted over twisted pair cables. A single

14 pin connector, J10, is installed on the back panel of the oscillosceope
mainframe. All analog and digital signals to and from the computer pass
through J10, figure 6-5, and the plug-in connectors J1 and J2, figure 6-6.
The analog signals from Jl0 to the analog interface are passed through un-
used pins on the mainframe/vertical plug-in interconnect J1/Pl, figure 6-7.
The X analog voltages to and from the analog interface and the sampling time
base are passed through the sampling vertical/horizontal plug-in inter-
connect P3/J3, figures 6-7 and 6-8. The digital control signals are routed
from .J10 through J2 and P2 to the fime base plug-in, figure 6-8. The digital

interface is described in the next section.
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6.2 Sampling Oscilloscope/Minicomputer Digital Interface Controller

A digital interface controller is required between the sampling oscil-
loscope and the minicomputer to assure proper operation of both units and to
eliminate the possibility of computer acquisition of invalid data. This is
necessary due to the asynchronous nature of the operation of the two
instruments. '

In normal operation the sampling oscilloscope is triggered externally
by the pulse generator in use. The oscilloscope can be triggered and will
take a sample at each trigger at rates up to 100 kHz. For higher trigger
repetition rates, the trigger circuitry locks out many trigger pulses and
only admits one every 10 us or greater (i.e., fsample < 100 kHz). For
trigger frequencies at VHF or higher, the trigger circuitry divides (or
counts down) the input to a lower phase-locked frequency.

’ The computer has its own internal clock. As the computer cycles
through its program listing, it will from time to time request data input
from the analog to digital converter (A/D). 1In addition, under program
control it will change the X sweep voltage output of the digital to analog
converter (D/A). These data requests and sweep voltage changes are
governed only by the computer clock and the program. Triggering and
sampling events in the sampling oscilloscope occur completely independently.

The digital interface controller is designed with the following features:

1. Permit asynchronous or synchronous operation.

2. Oscilloscope mode of operation is determined by the setting of

the SCANNING switch on the time base front panel. In EXT position
the oscilloscope is operated under computer control with the X
axis swept by the 14 bit D/A. In NORMAL or SINGLE (sweep) the
oscilloscope operates normally with all computer functions locked

out.

3. In EXT (computer controlled) operation, the oscilloscope CRT
displays only the valid data acquired by the computer.

4. If the computer intertie cable is disconnected from the oscil-
loscope (J10 open), the oscilloscope functions normally.

5. All possible error conditions are guarded against. If an error is
detected, the sampled data is discarded and not sent to the A/D
nor the CRT.

The controller is required to furnish one digital control signal to
the computer; namely, Y DATA CONVERT. When this control signal goes high
to the '"'one' state the 14 bit A/D starts the conversion of the analog voltage
on its input if it has previously been armed by the computer (DOA = 1). The
computer supplies two digital control signals to the controller. The first
is EOC. EOC goes high to a '"one" when the A/D is triggered by the Y DATA,
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CONVERT pulse. It remains high during the conversion and resets to 'zero"
at the end of the conversion. The other control signal is the X DATA XFER.
It is a negative going pulse (1 to 0 to 1) that is a command from the computer
to the 14 bit D/A storage register to load the new X data present on the
digital data bus. This causes a change in the X sweep voltage supplied to
the time base.
The error conditions that must be guarded against are many. They are:
1. The oscilloscope functions as a sample and hold circuit for the
A/D. Thus, the Y sampled data output cannot be changed during
the A/D conversion cycle &i.e. when EOC = 1). .
2. Adequate time must be given for a new sampled data value to

settle to its final value before the A/D is triggered.
3. Adequate time must be given for the X sweep voltage to settle

to its final value after an X DATA XFER pulsc. The oscilloscope
should be prevented from sampling during this time interval.

4. The oscilloscope should not be reenabled during the timing ramp
run-up portion of the trigger cycle.

5. Sampled data taken immediately (< 3 us) after the reenabling of
the oscilloscope is subject to timing errors.

6. Slivering must be avoided. Slivering is the unintentional genera-
tion of narrow (< 20 ns) digital pulses due to transition
crossings of asynchronous signals. Sliver pulses could cause the
controller to pass invalid sampled data.

7. If the X sweep voltage changes during a timing ramp Tun-up invalid
sampled data will result,.

Figure 6-9 is the schematic diagram for the digital interface con-
troller. Fourteen TTL integrated circuits are used. They are mounted on
a single plug-in circuit card, figure 6-10, positioned vertically in the
rear of the sampling time base plug-in, figure 6-11.

The basic function of the controller is to furnish a Y DATA CONVERT
pulse when the sampling head has taken a new piece of data that is valid.
A 1.5 ps monostable, IC 208 (lower right -- figure 6-9) produces this
pulse. A pulse labeled SAMPLED is derived from the time base circuitry
at the instant the sampling head is strobed. The SAMPLED pulse is routed
(bottom horizontal wire -- figure 6-9) through several control and delay
IC's (IC 209-2,* IC 205-1, IC 206-12, and IC 207-6) to IC 208. The leading
edge is differentiated and inverted by IC 209-2. This pulse is then delayed

*The nomenclature used for IC identication is tbe'fiyst three digits refer
to the particular IC package while the last digit is the particular output
pin number.



150 ns by monostable IC 205. This delay is necessary to prevent slivering
when the pulse is passed through the alternate gated path of IC 211-6,

IC 211-8, and IC 204-8. IC 206-12 is another control gate. Monostable

IC 207 provides 3.5 us delay to compensate for the Y sampled data settling
time.

The EOC signal (upper left -- figure 6-9) is used as the CRT BLANKING
signal (upper horizontal wire -- figure 6-9). EOC is routed through several
buffers and control gates IC 202-3, IC 203-2, IC 202-6, IC 202-8, and
IC 203-6. Only during A/D conversion (EOC = 1} is the CRT unblanked
(BLANKING = 0). Flip-flop IC 201-5 is set by the leading edge of EOC.

The X DATA XFER pulse resets this flip-flop. 1If the X sweep voltage is
changed during the A/D conversion then the resetting of the flip-flop blanks
the CRT via blanking control AND gate IC 202-6.

Once an A/D conversion has commenced the sampling oscilloscope must
be disabled to prevent it from taking a new sample. This is accomplished
by clamping the timing ramp with the LOCKOUT (=1) signal (upper right --
figure 6-9). LOCKOUT is obtained from EOC via IC 202-3, IC 213-12,

IC 202-11, and IC 213-6. ‘

The LOCKOUT function is enabled.also when other error conditions are
present. When the X sweep voltage is changing LOCKOUT is set to a "1
with the X DATA XFER via IC 203-12, IC 211-3, IC 212-1, and into the OR
gate IC.213-12. Monostable IC 212 provides a 5 us.pulse to allow.for the
X sweep voltage settling time.

Flip-flop IC 201-8 is included in the LOCKOUT circditry to prevent
multiple sampling at the same time position. The flip-flop is set by
the leading edge of EOC. It is cleared 5 us after the occurence of the
X DATA XFER pulse. When the flip-flop is set (§ = 0) the LOCKOUT signal
is held in the "1' state via OR gate IC 213-12. If the programmer desires
several samples at the same X location, he must reload that X location after
each A/D conversion. This feature eliminates the accidental acquisition
of several data points without updating the X position. It also eliminatcs
LOCKOUT slivering that might occur if the X DATA XFER pulse occurs near the
end of EQC. -

Flip-flop IC 204-6 is included to extend the length of the LOCKOUT
if the above described circuitry attempts to reenable (set LOCKOUT to "0')
the timing ramﬁ during the portion of the trigger cycle when the timing
ramp is triggered (allowed to run-up). A signal, called TRG'D, is derived
from the time base that is high during the first half of the trigger cycle
when the timing ramp is triggered. As long as TRG'D is high, the triming
ramp would start its run-up whenever it is unclamped (LOCKOUT = "0").

IC 204-6 is a D-type edge-triggered flip-flop. The data (D input) is the
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stafe of the TRG'D signal. This data is toggled into the flip-flop by the
positive going edge of the output of IC 202-11. If TRG'D is a "1" then

Q is set to a "0" thus holding the LOCKOUT in the "1" state via OR gate

IC 213-6. The flip-flop is cleared on the trailing edge transition of
TRG'D, thus setting LOCKOUT to "0."

Timing errors can occur if the oscilloscope is triggered immediately
after the LOCKOUT resets to "0." This is due to charge storage effects in
the timing ramp clamp transistor Ql4, figure 6-12. The timing ramp is not
clamped during this time and thus the sampling head can be strobed to take
new data. This new data will be invalid. To prevent an A/D conversion
of invalid data the AND gate IC 206-12 is used to prevent the generation
of a Y DATA CONVERT pulse. To allow for complete charge depletion in Ql4,
a 3 ps interval after LOCKOUT reset is declared the invalid data interval.
A signal called LOCKOUT + 3 us is generated to cover this interval. The
LOCKOUT signal is stretched 3 us by monostable IC 214 and the OR gate
IC 213-8. LOCKOUT + 3 us is applied to AND gate IC 206-12. In addition,
flip-flop IC 204-8, OR gate IC 211-6, and the AND gate IC 211-8 are used
to determine if the oscilloscope has been triggered (TRG'D goes high) or
a sample has been taken (SAMPLED goes high) during the time interval of
LOCKOUT + 3 us. If either condition occurs, flip-flop IC 204-8 is set
{(Q = "0™) thus disabling AND gate IC 206-12. The flip-flop is reset
on the trailing edge transition of TRG'D.

Differentiator IC 210-4 and buffer IC 210-6 are used to generate an
internal trigger pulse for the time base at the end of the LOCKOUT + 3 us
interval. This pulse is used when the operator desires synchronous

operation of the sampling oscilloscope and the minicomputer. The time
base SYNC pulse output is then used to trigger an external pulse generator.
The SCANNING switch input (upper right -- figure 6-9) is used to
disable the BLANKING, LOCKOUT, and Y DATA CONVERT pulses in normal or single
sweep operation. This is accomplished by the gates IC 202-8, IC 202-11, and
IC 207-5.
The digital interface controller requires regulated +5 V dc power.
This 1s not available in the oscilloscope. To obtain this an additional
supply was installed. A 6.3 V ac filament transformer was installed in
the mainframe. The 6.3 V ac voltage was routed to the horizontal plug-in
through twe pins on J2 designated for that purpose. A bridge rectifier,
filter capacitor, and voltage regulator were mounted on the bottom plate
of the time base plug-in.
It was necessary to modify some of the circuitry in the horizontal
plug-in. The major modifications were on the time base circuit board
A4, figure 6-12. These provided the TRG'D and SAMPLED signals and the
timing ramp LOCKOUT function.



The timing ramp, TP4, is generated by a capacitor on the time/cm switch
being charged by a current source. The current source is the +250 V supply
and the 24 K@ resistor A9R9. The timing capacitor is initially clamped to
ground by the RAMP GATE transistor Q3. When the time base is triggered,
tunnel diode CR2 turns off Q3 thus allowing the timing ramp, TP4, to start
its run-up.

A transistor, Q13, is added to the circuit by connecting it to the base
of Q3. When Q3 is turned off, Q13 is turned off simultaneously. The positive
going TRG'D pulse is generated at the collector of Q13. Halfway through
the trigger cycle CR2 is reset thus turning Q3 on and resetting the timing
ramp to zero volts. This also turns on Q13 thus setting TRG'D back to "0."

The ramp lockout function is added by simply connecting an additional
ramp gate transistor Ql4 to TP4. Ql4 is driven by the LOCKOUT sigmal. When
LOCKOUT is a "1," Q14 is turned on clamping the timing ramp to zero volts
regardless of the state of Q3.

Q4 is the COMPARATOR. It compares the timing ramp voltage to a dc
voltage. The dc voltage is the stgircase generator output in NOR&AL opera-
tion or the X sweep voltage from the D/A in EXT operation. When the ramp
voltage exceeds the dc voltage, the SAMPLING TRIGGER GENERATOR, Q5-Q6,
is activated producing the SAMPLING COMMAND TRIGGER that is sent to the
sampling head via the vertical amplifier plug-in. This:positive going
pulse is also used as the SAMPLED pulse. It is obtained simply by adding
a 1.5 KQ resistor. The resistor attenuates the large pulse and reduces
the loading on the existing circuit.

Figure 6-13 shows the modifications made to the wiring of the SCANNER
switch. Figure 6-14 is the simple modification to the horizontal amplifier
circuit board A7 to obtain an X voltage for the X data out amplifier in
the analog interface.

Figure 6-15 is the modification to the marker, magnifier and blanking
circuit board A6 to provide blanking from the digital interface controller,
The BLANKING AMPLIFIER, Ql1, functions as an RTL.OR gate. It normally has
three inputs, pins J, H, and E. If any one of these is high, then Qll1 is
turned on blanking the CRT. An additional input, pin B, has been added for
the controller BLANKING signal.

An additional modificatinan of the campling time bhacs

D

plug-in has heen
made for operator convenience. The SYNC PULSE DELAY is normally an internal
adjustment. In experimental measurement setups, many times one needs to
adjust this control. Therefore it wds moved to the front panel according

to figure 6-16. The control occupies the hole formerly used by the BNC EXT

SWEEP INPUT that was removed (see. figure 6-14).
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Figure 6-4. Sampling Vertical Amplifier Plug-In Unit Showing
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Figure 6-8. Sequential Sampling Time Base Plug-In Plugs
P1 and P3 Connections.
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Figure 6-10. Digital Interface Circuit Card.
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Figure 6-11. Sampling Time Base Plug-In Showing Position of
Digital Interface Circuit Card.
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7. SYSTEM SOFTWARE

7.1 Introduction

This chapter is concerned with the computer programs used for system
operation. The overall system software configuration is discussed first,
followed by a description of both the BASIC language and assembly language
programs used in the system. The actual program listings are contained in
the appendices.

7.2 System Software Configuration

The primary task of the system minicomputer and peripherals is to digi-
tize, store and process sampled time domain waveforms acquired from a broad-
band sampling oscilloscope. Starting trom scratch 1t quickly became evident
that no single programming language was suitable for the entire task. Higher
level languages such as BASIC or FORTRAN are ideal for performing numerical
or mathematical operations. They are also relatively easy languages to learn
and use and thus are desirable from the computer operator's standpoint. On
the other hand, it is difficult if not impossible to use higher level languages
to program the control of external devices such as A/D converters and tape
readers. Hardware device handling is best done using either machine language
or assembly language. Of the two, assembly language is by far the easier to
use. Mathematical calculations, however, are difficult and time consuming to
program in either machine or assembly language.

Therefore, in order to satisfy all the system criteria, a software
package was written consisting of both BASIC and assembly language programs.
BASIC was chosen over FORTRAN only because FORTRAN program compilation on
the system minicomputer is very time consuming and must be repeated every
time the program is changed.

The particular version of BASIC employed 1in the system is one provided
by the minicomputer manufacturer. It occupies the lower SK of memory, approxi-
mately, and allows calls to external subroutines in upper memory. In order
to use this version of BASIC with called subroutines, the programmer must
provide an external interrupt routine and a special subroutine table.

There are three other restrictions of interest built into this version
of BASIC. First, the system will only recognize a teletypewriter as an I/0
device. All other hardware must be controlled by assembly language subroutines
called from BASIC. Second, this version has no capability for string manipu-
lation or matrix operations. Third, the maximum allowable number of elements
in a single-dimension array variable is 256. Other more subtle restrictions
will be described in the next two sections.



The division of tasks between BASIC and assembly language may be listed
in more detail as follows.
BASIC
1. Hardware Control -- teletypewriter.
2. Mathematical Operations =-- most.
3. User/System Interface (via-keyboard).‘
ASSEMBLY LANGUAGE
1. Hardware Control -- A/D - D/A converters, high speed paper
tape reader and punch, monitor oscillo-
scope, x-Yy recorder; sampling oscilloscope.
2. Data Acquisition.
Data to/from BASIC Control.
Mathematical Operations -- optional high-speed FFT and binary
data averaging.
In terms of core memory allocation, a core memory map is shown in figure
7-1. Roughly 16K of memory is dedicated to BASIC and 12K to assembly language
programs and binary data storage. Spare capacity exists for software expan-
sion at a later date.

7.3 BASIC Program Descriptions

7.3.1 128-Point Fast Fourier Transform

Appendix A-1 contains a listing for this BASIC program. It is designed
to transform a 128-point complex time domain waveform into a 64-point array
of complex frequency domain coefficients. The input waveform must be pro-
grammed into arrays A and B (real and imaginary, respectively) starting with
statement number 250.

This program was used primarily for study of the FFT algorithm. The
128-point waveforms discussed in Chapter 4 were all geﬂerated and transformed
using this program. The output of this routine consists of a listing of the
first 32 unnormalized spectrum amplitude points along with a monitor oscillo-
scope display of all 64 of those points. At run time the program will ask
the user for the time scale in nsec/cm of the time-domain waveform to be
transformed. The output listing will then automatically include a frequenéy
in MHz associated with each spectral point.

There are three unusual facets of this program that may not be obvious.
First, the called subroutines in statement 120 and 130 may seem unnecessary.
They have been included in order to disable the A/D converter interrupt.

Were they not present, the program would halt upon reception of an interrupt
signal- from the A/D converter. The second anomaly exists in statements 480,
500 and 970. In these statements integer values are computed for use in
FOR-NEXT loops and IF statements. A factor of +.001 was found to be necessary
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in order to assure a proper result of these computations. In statement 480,
for example, the integer function 2 + (G-L-1) may yield, for G = Sand L = 1,
a result of 7.99999 instead of 8.0. Then, the FOR-NEXT loop starting at
statement 560 would do one less iteration than required. By adding +.001 to
the result of 2 4+ (G-L-1) a result greater than or equal to the integer result
required is assured. The employment of this 'fudge factor" is often necessary
in systems, such as this one, that use floafing point arithmetic processing.

The third oddity is contained in statements 800 through 850. In order
to avoid a number overflow error in subsequent computations of .the spectrum
amplitude, it was necessary to force numbers very close to zero to be
identically equal to zero.

Otherwise, this program is quite straightforward. Run time is approxi-
mately 1.5 minutes, excluding the time required for listing results on the
teletypewriter. Descriptions of the CALL subroutines used in this program
are located in section 7.4.

7.3.2 128-Point Transfer Function

Based on the discrete Fourier transform fheory discussed in Chapter 3,
this program is designed to compute a discrete frequency-domain transfer
function from two time-domain waveforms. A listing of this BASIC program is
contained in Appendix A-2. A listing of the salient features of the program
follows: ) 7 ' :

1. Generally, this program is designed to acquire two 64-point time domain
waveforms, compute the FFT of each waveform after modification, compute
the quotient of the two resulting spectra (output/input) and output ’
the results via teletypewriter and monitor oscilloscope.

2. The first waveform acquisition is done in BASIC statements 100 through
410. The operator signals the system that he is ready (type ¢), inputs
the desired number of time and frequency domain averages, and inputs the
waveform time scale in nsec/cm. The BASIC program, along with appropriate
assembly language subroutines, then causes the acquisition of the number
of 64-point waveforms specified by the user (number of time-domain
averages). These waveforms are acquired additively and stored in upper
memory. The sum of the waveforms is then returned to BASIC where each
point is divided by N1, the number of waveforms acquired, to yield one
scaled, time-averaged waveform.

For example, if N1 = 100, the system will acquire 100 64-point
sequential waveforms from the sampling oscilloscope. Each time a new
waveform is acquired it will be added point-by-point to the sum of the
previously acquired waveforms. Upon completion of the 100th waveform
acquisition, the sum total of all 100 waveforms will be converted,
point-by-point from binary form to floating point and returned into the
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BASIC array, A. Each point in this array will then be divided by 100
to yield a single averaged time domain waveform.

The minimum upper limit for the maximum number of time domain wave-
forms that may be acquired and averaged is governed by the largest
binary number that may be stored in upper memory. For this system,
based upon the use of 14 bit A/D conversion -and 31 bit (plus sign bit)
maximum binary number size, the minimum upper limit is 218 or a maximum
of 262,144 time domain waveforms per averaged waveform.

Once the first time-averaged waveform is acquired and stored in the BASIC
array A, program statements 420 through 670 are executed to prepare the
waveform for Fourier transformation. Statements 420 through 480 reset
the values of A(0) and A(1l) to be linear extensions of the next four
points. Resetting A(0) and A(1) in this fashion eliminates any errors

in these points caused by sampling oscilloscope instabilities in sampling
efficiency. In addition, the value of A(0) is critical to the windowing
algorithm used in statements 540 through 610.

Statements 490 through 530 are used to produce a display of the
acquired time-averaged waveform on the monitor oscilloscope. This
allows the operator to verify the ‘proper opération of the waveform
acquisition system on each run. ) ‘

" The windowing algorithm is encountered next in -statements 540 through
610. Since the FFT assumes that the time domain waveform to be trans-
formed is periodic then the heginning and end points of the acquired
waveform must have the same value of amplitude. If these values are
different, such as in the case of a tunnel diode step waveform, then
the FFT will treat that difference as an abrupt step-like change in the
waveform and this erroneous step will be reflected in the spectral
information obtained. These spectral errors are commonly referred to
as '""leakage' errors.

There are a number of ways to modify the time domain waveform data
in order to avoid this problem. The one chosen for this application is
based on eq. (4-13). In effect, the acquired 64-point averaged waveform
is inverted and added to the end of itself. Thus, a 128-point waveform
results with equal end points. As long as the actual waveform acquired
came from a linear system, this algorithm is physically valid. In addi-
tion to solving the end point problem, however, the particular method
solves another problem.

As was discussed in Chapter 4, the DFT of a square pulse whose
width is exactly half the time window generates only odd harmonics. All
the even harmonics are forced to zero. Generally, for the sin x/x form
of the integral Fourier transform of an ideal square pulse, the sin x

term is forced to unity for odd harmonic terms and to zcro for cven
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harmonic terms. 1In fact. the sin x term will be eliminated in this
manner for any time domain waveform having 1/2 wave symmetTy

£(t) = -£f(t + T/2) (7-1)

where T is the time window. The windowing algorithm used in this pro-
gram will always modify the acquired time domain waveform such that the
resulting waveform exactly satisfies eq. (7-1).

Thus, the algorithm not only ensures that the beginning and end
points of the acquired waveform will match but also ensures that the
sin x term in the waveform transform will be either unity or zero.
Therefore, after throwing out the even harmonic terms in the spectrum
amplitude of the transformed waveform, the remainder are odd harmonic
terms that are independent of the sin x terms. Consequently, distorted
spectra such as those shown in figures 4-13, 4-14, and 4-15 are always
avoided.

Once modified, the time domain waveform is again displayed on the
monitor oscilloscope for operator verification. Statements 620 through
670 perform this task.

Statements 680 through 1180 contain the FFT instructions. The subrou-
tine in statements 1340 through 1410 is also a part of the FFT. This
FFT routine is virtually identical to that described previously. It
performs the FFT of the 128-point modified waveform and then computes
the spectrum amplitude.

Statements 1190 through 1330 are for frequency domain averaging. If
more than one frequency domain average is requested by the operator
then the program stores into upper memory the spectrum amplitude just
computed and returns to acquire and process another averaged time
domain waveform. The succeeding calculated spectrum amplitude will be
added to the first in upper memory. When all of the requested number
of spectrum amplitudes have been added together the final result is re-
turned to BASIC and stored into array C. This, then is just simple
additive averaging of each spectral point. Since this final waveform
spectrum shall ultimately be divided by another (that of the output
waveform) then there is no need to normalize either one.

Once a frequency domain averaged spectrum amplitude for the reference
waveform has been calculated and stored into array C, the program

asks the operator the questions contained in statements 1540 through
1600 followed by the questions in statements 140 through 200. The
program than repeats the entire process of acquiring the second wave-
form, computingithe spectrum amplitude and storing the result. This
time, however, the resulting spectrum is stored in array A. Statements



1660 through 1690 then compute the transfer function of the unknown
devicé by computing, for each frequency point,
T
1L, = 20 log, E%%%E%E (7-2)
in’n
The resulting 32-point transfer function in dB versus frequency is then
printed out on the téletypewriter and displayed in the monitor oscillo-
scope. Statements 1760 through 1840 are used to scale the transfer
function data for display purposes only. This scaling is controlled by
the operators response to the questions contained in statements 1570
through 1600.
Runtime of this program, excluding output printing on the tele-
typewriter, is approximately five minutes.

7.3.3 1024-Point Transfer Function

A listing of this program is contained in Appendix A-3. Except for the
fact that this program utilizes a 1024-point called assembly language FFT
subroutine, it is practically identical to the previously described 128-point
transfer function program. The major differences are described as follows:
1. This program causes the acquisition of 512-point waveforms instead of

64-point waveforms. The same averaging and windowing schemes are used

but the point A(0) is defined as

AC0) = ¢ I A(D) . (7-3)
i=1

rather than as the linear extension used in the 128-point program.
(Note that this method of correcting A(0) is only valid if the slope
ot the measured waveform is zero.}

2, The first 256 points of the acquired waveform are put into array A and
the second 256 points into array B. The other 512 points resulting
from the windowing algorithm are put into arrays C and D sequentially.
Then all four arrays dare converted to binary and stored in upper memory.
Statement number 660 then calls the assembly language FFT to operate on
the real 1024 point_array stored in upper memory starting at octal
location 50000, The FFT routine will be described in the next section.
Statements 670 through 700 then return the resulting spectral points
into BASIC floating point arrays A, B, C and D. A and B contain the
first 512 spectral real parts while C and D are the first 512 spectral
imaginary parts. The spectrum amplitude is then calculated as previously
described.

3. Statement 1000 prints out the value of the variable S on the teletype-
writer. This variable is the number of times the spectral array was
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right-shifted, or divided by two, in the FFT computation. More will
be said in the section describing the assembly language FFT routine. It
is sufficient at this point to note that the larger this number the
lower the resolution of the resulting spectral points.

4. Statements 1010 through 1040 cause a logarithmic display of the computed
spectrum amplitude on the monitor oscilloscope for each waveform
transformed.

In contrast to the 128-point transfer function program this program runs
faster and generates 256 spectral points instead of 32. The actual FFT
routine runtime is only about one or two seconds. Since this FFT only
operates on single-precision binary numbers, however, and since an FFT
algorithm contains a large number of additions and multiplications, in
general, then the expense incurred with the program is extremely poor spec-
tral amplitude resolution. Consequently, this program was used for FFT
experimentation only; all measurements on actual microwave devices were
accomplished with the 128-point transfer function program.

7.4 Assembly Language Program Descriptions

All of the programs described in this section were written in assembly
language and absolutely assembled. Each subroutine is called from BASIC
with an instruction of the form

n, CALL nz, Xl, 29 K35 -vey Xg

where n; is the BASIC instruction number, n, is the called subroutine number

X X X

and the X's are variables to be transferred either from BASIC to the sub-
routine or vice versa. Up to eight variables may be transferred in this
manner. ,

With the exception of the FFT subroutine all of the programs are
thoroughly commented in the listings. Therefore.‘only brief descriptions
of each routine are presented.

7.4.1 Subroutine Table (Appendix B-1)

In order to use the called subroutine feature of BASIC a subroutine
table must be written. This table performs a number of functions. First,
it serves as an index of all assembly language user-written subroutines.
When a CALL instruction is encountered-in a BASIC program, the computer
jumps through location 10 to the starting address of the subroutine table
(40000 in this case). It then searches through the index for the starting
address of the subroutine called and jumps to that location. Second, the
table is used to tell BASIC, by means of a code word, how many input and
output parameters are associated with the subroutine and in what order they

8¢



appear in the CALL statement. Thus, in the listing in appendix B-1, the
lines

40007 000003 3
40010 040400 DATOP
40011 130000 130000

all refer to subroutine number 3. The five digit octal number in the left
column is the absolute memory location of that line, while the six digit

octal number in the next column is the contents of that location. In memory
location 40007 there is a 000003 which is the subroutine number. In loca-
tion 40010 there is a 040400 which is the starting address of subroutine
number three and in location 40011 there is a 130000 which is the parameter
code word mentioned above. In the right hand column are the programming
statements that caused the program assembler to generate the first two columns.
DATOP is the particular subroutine's label used for refefencing the program.

All subroutines are listed in the table in this manner. In addition,
an interrupt-handling subroutine must be the first subroutine listed. In
this case, the interrupt routine is labeled INTRP and its starting address
is contained in location 40000. Whenever an interrupt occurs the computer
will jump to the user"s interrupt routine to see if the interrupt was caused
by a user;programmed device. Even, as is the case here, if no interrupts
are used an interrupt routine must be provided. At the bottom of the table
listing is the interrupt routine used in the system. It merely turns off
the A/D converter interrupt capability and returns to the BASIC interrupt
routine starting in location 521.

After all subroutines have been listed in the table the.list must be
terminated with a -1. In this case location 40050 is the end of the table
and contains a 177777 which is the machine representation for a -1.

Finally, the table is used to define global labels and devices. .FIX
and .FLOT are the floating point to binary and binary to floating point
conversion routines located in BASIC locatioms 130 and 132 respectively.

The two statements in the table allow reference to these routines from
any user-written assembly language program. The next two .DUSR instruc-
tions simply define the mnemonics ADCV and DACV as device numbers 21 and
23, Thereafter, the mnemonics may be used to reference the A/D and D/A
converters, respectively.

This table must be located right above the BASIC users area in memory.
When a program is executed in BASIC all memory locations above BASIC and
below the tahle are erased. Referring to figure 7-1, any assembly language
programs or binary data stored in the memory block labeled BASIC Program and
Data Storage will be lost at runtime. Thus, the subroutine table also
tells BASIC the upper limits of BASIC's operating area.



7.4.2 Memory Clear Routine (Appendix B-2)

The starting address for this routine is location 40100. It is designed
to set the contents of locations 50000 through 53777 (qctal) to zero. These
2048 (decimal) locations are used to store the acquired time domain waveforms.
Before acquisition of a waveform begins, this routine is called from BASIC
to reset the contents of the binary array memory locations to zero. The
BASIC instruction used to call this routine is n, CALL 1 where n; is the

BASIC instruction number.

7.4.3 Data Acquisition Routine (Appendix B-3)

Absolute location 40200 is the starting address for this routine. It
is used to generate the x-axis sweep for the samﬁling oscilloscope and to
acquire a time-averaged time domain waveform. The form of the BASIC instruc-
tion used to call this routine is ny CALL 2, N1, N3 where ny is the BASIC
instruction number, N1 is the number of waveforms to be averaged and N3 is the
x-axis spacing between sample points. As waveform acquisition takes place
the D/A is set to i times N3 for the ith x sample point. The sampling
oscilloscope is instructed to take a y-axis sample and the A/D converter is
instructed to convert the sample from analog to binary. This sample is then
added to the sum of the preﬁious samples taken at that x-location and this new
sum is returned to the appropriate memory location. Upon completion, the
sum of the N1 acquired waveforms, each consisting of 214/N3'samp1e points is
stored sequentially in memory locations 50000 through 53777. Each sample
point occupies 2 16-bit word locations so the maximum number of sample points
allowable for each waveform is 4000/2 (octal) or 1024 (decimal) pbints.

7.4.4 Dara Binary to BASIC Routine (Appendix B-4)

Once the time-averaged waveform has been acquired and stored this sub-
routine is called in order to transfer the waveform from upper‘memory binary
form to a BASIC floating point array. The BASIC instruction format is
n; CALL 3, N, A where n, is the BASIC instruction number, N is the multiple
of 256 data points and A is the destination BASIC array variable. Since
BASIC 1limits a single array dimension to 256 then a 1024-point waveform must
be put into four different 256-point arrays. Thus, this subroutine must be
called four times in order to transfer the complete waveform into BASIC.

The instructions to transfer a 1024 point waveform into BASIC arrays A, B, C
and D, sequentially would be

n, CALL 3, 0, A
n, CALL 3, 256, B

n., CALL 3, 512, C

3

n, CALL 3, 768, D

S1



The absolute starting address of this routine is 40400. It operates on
data stored only in locations 50000 through 53777 and‘'assumes each data point
occupies 2 16-bit words.

7.4.5 Data BASIC to Binary Routine (Appendix B-5)

This subroutine, starting in location 40500, is essentially the reverse
of the routine just described in 7.4.4. It is designed to transfer floating
point BASIC arrays to upper memory binary putting the 16-bit binary numbers
sequentially into locations 50000 through 53777. The one difference is that the
binary numbers produced by this program are 16-bit single precision numbers
while the binary numbers operated upon by the previously described program are
32-bit double precision numbers.

This program is designed to return spectrum amplitude data to binary
form for monitor oscilloscope display purposes. Therefore, double precision
number representation is unnecessary. The calling format for this routine
is the same as for the previous subroutine except that CALL 3 is replaced
with CALL 4.

7.4.6 Data Display Routine (Appendix B-§)

The absolute starting address of this subroutine is 40600. It is de-
signed to display the data stored in locations 50000 through 53777 on the
monitor oscilloscope. As was the case with the previously described data
acquisition routine, this program operates the x-axis sweep and sends this
x information to the manitor ascilloscope via D/A #2. D/A #4 is used to send
the y value of data associated with the current value of x to the monitor
oscilloscope. When both the x and y values have been loaded into the two D/A
converters, a z-axis intensifier pulse is sent out causing the display of one
point on the screen. '

This routine will display one full sweep and return to BASIC. For a
continuous display of data the program must be repeatedly called from BASIC.
For example, for a display of 500 sweeps the BASIC instructions would be

n FOR I = 1 TO 500

1
n, CALL 5, N3
n3 NEXT 1
where Ny, N, and ny are BASIC instruction numbers and N3 is the spacing be-
tween x-axis points in parts of 214. (NOTE-Z14 corresponds to full-scale

deflection for all D/A and A/D converters. However, D/A #2 and D/A #4 are
10 bit devices and only utilize the 10 most significant bits.)

e
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7.4.7 X-Y Recorder Zero and Full Scale Set Routine (Appendix B-7)

X-Y recordings of data in locations 50000 through 53777 may be obtained
by means of this program and the next (section 7.4.8). This routine, starting
in location 40700 allows the operator to adjust the X-Y recorder for calibrated
full scale and zero settings with respect to the X and Y D/A converter out-
puts. Actually, this listing contains two separate subroutines, one for full
scale set and one for zero set. Thus a CALL 6 will cause the X and Y axis D/A
converters to output full scale signals while a CALL 7 instruction will cause
the D/A's to output a zero signal.

7.4.8 X-Y Record Subroutine (Appendix B-8)

Once the X-Y recorder has been calibrated, this routine, starting in loca-
tion 40750, is called to record sequentially the data contained in locations
50000 through 53777. The variable DELA is the pen speed factor and may be
changed via the computer front panel switches prior to execution in order to
speed up or slow down the x-axis recording speed. This program will generate
one 1024-point X-Y recording and then return to BASIC. The variable CT6 must
be changed via the computer front panel switches in order to change the number

of data points in the recording.

7.4.9 Data Binary to BASIC Routine (Appendix B-9)

Whereas the binary-to-BASIC routine described in 7.4.4 is designed to
convert double precision positive binary numbers to BASIC floating point, this
routine is designed to convert singie precision positive or negative binary
numbers to BASIC floating point. Otherwise, this routine is virtually iden-
tical to that described in 7.4.4. The reason two different routines are
necessary is that while the data acquisition routine generates a binary array
of double-precision positive numbers, the assembly language FFT routine
generates a binary array of single precision numbers that may be either posi-
tive or negative. Thus, this program is used to transfer the result of the
assembly language FFT into BASIC while the previous program is used to transfer
the results of the time-domain waveform acquisition into BASIC. The starting
address for this routine is 41020.

7.4.10 Assembly Language FFT Routine (Appendix B-10)

This program was obtained from a minicomputer user's group and was modi-
fied to work in a CALL BASIC environment [{37]. It will compute the forward or
inverse DFT of a complex or real input time series consisting of 2M points,

M an integer less than or equal to 10. This corresponds to a maximum trans-
form length of 1024 points.
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The program is designed to operate on a binary time series stored in
location 50000 through 53777 (octal). The time series must be arranged
so that location 50000 through 51777 contain the real part of the time-
sequential input series and locations 52000 through 53777 contain the
imaginary part of that series. The BASIC instruction used to call the
routine is of the form

ny CALL 10, NO, N2, S

where n, is the BASIC instruction number, NO is a +1 for an inverse transform
and a 0 for a forward transform, N2 is the transform length (number of sample
points), and S is the number of times the data is scaled during FFT computa-
tion.

Upon completion of FFT computation, the spectral data is returned to
locations 50000 through 53777 such that the real part of the frequency-
sequential spectral series is in locations 50000 through 51777 and the
imaginary part is in locations 52000 through 53777. Each spectral coef-
ficient is a single-precision binary integer that may be positive or negative.

This program is very fast (< 2 sec. execution time) but has a severe
limitation. The input time series must contain no number larger than 214
(decimal) or an overflow will occur. Also, as computatidn progresses, if
any number in an array exceeds 13,107 (decimal), then that array is divided
by 2. The variable S mentioned above is the number of times that this array
division has taken place. Typically, for a 1024-point transform, the arrays
are scaled down by a factor of two from 7 to 9 times. The result of this scaling
is extremely poor resolution of spectral values. A high order harmonic may
have a spectral amplitude of either zero or one or two, for example, and
there could casily be an error in the first significant digit.

Consequently, this routine was considered unusable for quantitative analysis
of waveforms; its use was restricted to qualitative FFT experimentation only.

The starting address for this routine is location 41747.

7.4.11 Spectral Memory Clear Routine (Appendix B-11)

This routine performs the same function as the memory clear routine
described in section 7.4.2 except that it clears a different block of memory.
Once the spectrum amplitude of a time-averaged waveform has been computed in
BASIC, it is returned to binary form in upper memory for frequency domain
averaging and monitor oscilloscope display purposes. This program zeroes
absolute memory leocations 45000 through 45777 (512 points) in preparation
for additive storage of spectral arrays. This routine's starting address

is 42500, and is called by an instruction of the form ny CALL 11.



7.4.12 Spectral Data BASIC to Binary Routine (Appendix B-12)

This routine is similar to that described in section 7.4.5. The dif-
ference, again, is that this program operates on a different upper memory
block. In the same manner as the previously described routine, this program
transfers a BASIC floating-point array to upper memory double precision binary
form. The instruction form is n; CALL 12,-A where A is the BASIC array name.
42600 is the starting address for this routine.

7.4.13 Spectral Data Binary to BASIC Routine (Appendix B-13)

After the desired number of 256-point spectral arrays have been addi-
tively stored in locations 45000 through 45777, this routine is called to
return the frequency-domain averaged spectrum to BASIC. Except for the memory
block -difference, this program is the same as that described in scction 7.4.4.
The instruction format is n, CALL 13, A where A, again, is the BASIC array
name. This last subroutine's starting address is 42700 and it ends at loca-
tion 42731. 42731, then, is also the last location of the assembly language
subroutine package.
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8. EXPERIMENTAL RESULTS

8.1 Introduction

To determine the agreement of measured insertion loss between the time
domain measurement system (TDANA) and equivalent frequency domain systems,
a number of experimental comparative measurements were made. The insertion
losses of three wideband coaxial attenuators, nominally 10, 20 and 40°'dB,
were measured at discrete frequency points over a band from 0.5 to 12.5 GHz.
Three systems were used to perform these measurements; the TDANA system, the
NBS automatic network analyzer system (ANA), and the NBS fixed frequency
30 MHz IF substitution system (NBS system). For purposes of this report,
and because both the TDANA and the ANA systems are still experimental, the
measured insertion loss values obtained with the NBS system were considered
to be the '"correct'" values. These measurements should not be considered an
exhaustive analysis of the comparative measurement capabilities of the three
systems, but rather, a first order or rough system comparison.

8.2 NBS System Measurements

The 30 MHz IF substitution system is the NBS, Boulder Labs working
standard for calibrations of wideband coaxial attenuators. The heart of
this system is a precision 30 MHz waveguide below cut-off standard attenuator.
Beatty [38] has written a comprehensive analysis of this method of attenua-
tion measurement as well as. an excellent list of additional references on the
subject. References (39] and [40] are also pertinent.

Due to cost and time limitations the three coaxial attenuator's inser-
tion losses were measured on this system at only a few different frequencies.
The rtesulting measurement data from this system as well as that for the TDANA
and ANA systems are tabulated and displayed graphically in Tables 8-1 through
R-3 and figures 8-1 through 8-3. Conclusions drawn from these data are

deferred to section 8.5.

8.3 ANA System Measurements

The NBS automatic network analyzer is essentially a commercially avail-
able computer-controlled microwave network analyzer that is in the process
of being extensively modified. Using computer controlled swept frequency
CW generators, the system measures such parameters as reflection coefficient
magnitude and phase, insertion loss, and VSWR for both coaxial and waveguide
microwave components over the bands 100 MHz to 2 GHz and 2 to 18 GHz. The
goal of these modifications is to extend the range of operating frequencies
and to upgrade the measurement accuracy and precision to achieve a new NBS

automated working standarc for calibration. At present, the measurement
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uncertainty is essentially that quoted by the analyzer manufacturer {41].
Beatty [42] again, has written an overview of ANA's as well as a list of
almost 50 additional references on the subject.

A set of five separate insertion loss measurements was performed on this
system for each of the three attenuators. Again, the results are tabulated
and graphically displayed in the tables and.figures mentioned previously.

8.4 TDANA System Measurements

The circuit models for the insertion loss measurements made with the
TDANA system are shown in figures 2-4 and 2-5. A time window of 1 ns was
chosen for waveform acquisition, each waveform consisting of 64 time sample
points. The precision coaxial air lines, represented in the figures as
11 and 12, were chosen long enough to introduce no secondary reflections in
the 1 ns time window. For this measurement Ll and 22 were each 30 cm long.
Time-averaged sampled data representations of the wavefo;m vdl(t) and vdz(t
were obtained using an ultra-fast tunnel diode pulse generator as a source
(vdl = 250 mV). These two waveforms were then Fourier transformed using an
FFT on the system minicomputer and the insertion loss of the test attenuator
was computed to be V

s, (OUT)

IL(f) = 20 log,, 2— no=1,3,5,¢,5-1 (8-1)
S_(IN)
n
where IL(fn) = insertion loss at nth harmonic in dB,
S_ = computed spectral amplitude of the nth harmonic, see eq. (2-7),

n
N = number of samples in the transformed time series (128 points

in this case).

Because the windowing algorithm used in this system effectively doubles
the time window length (to 2 ns for this measurement) and because this same
algorithm causes all even spectral harmonics to be zero, then the actual
- frequencies at which the insertion loss is measured are

N
1 s 0.5 ... T!
Zns’ 2ns’ 2ns’ * Zns

or, at .5 GHz, 1.5 GHz, 2.5 GHz, -++-, 31.5 GHz. Of these, only the insertion
losses at frequencies out to 12.5 GHz were tabulated.

8.5 Experimental Coanclusions

Tables 8-1, 8-2, and 8-3 contain a summary of all measurement data for
the 10, 20 and 40 dB attenuators respectively. In each table, column (1)
lists the frequencies at which insertion loss measurements were performed.



Columns (2) through (4) summarize the data from measurements on the TDANA.
Column (2) lists the mean insertion losses computed from a set of ten inde-
pendent measurements. Column (3) is a list of the estimated standard devia-

tions computed from the formula,

- 1 B _ 1172
° = 5T .21 (XJ-'X)z (8-2)
J=

h measured value,

where n is the number of measurements (10), X5 is the jt
and x is the mean value of the n measured values. Column (4) is the devia-
tion, in percent, of the mean insertion loss measured on the TDANA system
compared to that obtained on the NBS system.

Columns (5) through (7) are summaries of the data from measurements
performed on the ANA. 1In this case, five independent measurements were made.
Otherwise, columns (5) through (7) are exactly analogous to columns (2)
through (4), respectively, that is, mean, estimated standard deviations and
percent deviation from the NBS system.

Columns (8) and (9) summarize the data obtained from the NBS fixed
frequency 30 MHz IF substitution system. The mean value of several insertion
loss measurements is reported in column (8). Column (9) contains the esti-
mated maximum total uncertainty.

Figures 8-1 through 8-3 are graphs of the measured mean values of
insertion loss versus fréquency for the 10, 20 and 40 dB attenuators,
respectively.

The salient features of these results are as follows. 1) The mean
values of insertion loss measured on the TDANA appear to be consistently
less than those measured on the NBS system. 2) There appears to be a meas-
urement agreement of within 1.5% between the TDANA and the NBS systems out
to 12.5 GHz. 3) The estimated standard deviations of the TDANA measurements
are within z 1% of nominal attenuation for the 10 and 20 4B pads hut
approcach + 2.5% for the 40 dB pad. Also, the estimated standard deviations
for each attenuator increase with increasing frequency. This is to be ex-
pected because the standard deviations are all proportional to the system
signal-to-noise ratio which, because of the 1/f decay of available spectral
power in the driving source pulse, becomes smaller with increasing frequency.

99



20" S0°0T 60° €L°6 S°¢I

80° 686°6 61 - 0 " L6°6 St I- 60° S8°6 S°TIT
z0° y1°01 60" S6°6 ST 0T
¢€0" LT°0T L0 ¥8°6 $°6

¢t ¢00°0T1 A vo- 66°6 v T1- 60" 98°6 S°8
90° - 91°0T ; . 60" : €676 S L
90° 0Z°01 , L0 66°6 $°'9
S0° ¢0° 0T S0° 96°6 §$'S

So° 0T10°0T1 Q £0° T0°0T 08 - Vo~ €6°6 Sy
0° €17 01 €0° 26°6 S°¢

50° 820°0T €T+ 10° 00°0T 86" - £0° €66 §°2

S0° 0T0°0T 08°+ 10° 60°0T 0°1- €0° 16°6 S°1

vo- L86°6 £0°+ 20" 66°6 L 20° L8°6 S*

»u:mwwquca MMWW :oHMMw>wQ :ommww>m (ap) hwv {@p) (ar) wN:ov
I I31BT T3eTAS(Q SSO] UOTIBTAJ(J UOTIBIAI( §S07] baxg
_Te30], uotjassuy 3uadaag - PlepuelS UOTIIIISUL Juad19d piepuels§ - UOT3IIOSU]J
wals4s SN wa1s4AS VNV ws1sAS VNVAL
(6) (8) (L) (9) (s) (v) (€) (2) ()

TI03BNUSIIY TEIXBOD dp (01 10F AJewuns eleq SSOT UOTIAISU] PIINsea)y - 1-8 9[qelL

100



SO* 96°02 LT" 09°02 S 71
€T 858°07 8T - vo-, 78°02 S6° - 1A% 99°07 S'11
€0° $6°02 60" £L°02 §°01
z0° 16°02 sT® 99°02 $'6
AN 6£9°02 0 £0° v9°02 0 1A% ¥9°02 S'8
10° 0.°02 AN $5°0¢ S L
z0° 89°02 L0° £€5°02 $°9
10° 6v°02 01° LY 02 S'§
10° vy°02 80° A M/ Sy
10" 75°02 L0° ve-oz S°¢
Lo° SS£°02 LO*- 10° v€° 02 L - 80" 82°0¢ §°2
So° Zv° 02 L0° £2°02 S 1
90 v12°02 87+ 90° L7702 v - 80" €1°02 -
(ap) (apr) (%) (ap) (ap) (%) (ap) (gap) (zH9)
L3ureiiaoup $s0] UOTIBTAI([ UOTIBIAJ( SS07] UOTIBTIAD] UOTIIBTIAI( s50'T -baayg
Te30]1 UOTJI3SUg JuUadadg piepuels uUoTjaasug JUd2I193g pilepuels uotTlIosujg
wa3isLs SAN walsAS VYNV wa3lsAS VYNVAL
(6) - (8) L) (9) (s) (v) () () (D)

*103eNUd1ly TBIXEBOD §pP (0Z 10F AXeuwuwng BleQ SSOT UOTIIASUJ PIINSEIW °7°'§ SIQEL

101



LO® L8°6¢ S6° 9¢° 6% A
Lz $85°6¢ vZ-+ 60° 89°6¢ S+ L6° T6L°6¢ S°1T
z0° £6°6¢ 09° 19°6¢ S°0T1
¥0- 10°0t 1§~ 85°6¢ S$°6
62° 98L°6¢ 1T+ vo- L8°6¢ 69° - 9§ ° IS°6¢ ]
¢0” 210 iv- 10°0¢ S*L
z0° 90° 0¥ A2 S1T°0V S°9
(VO yo'0v oy 12° 0V §°S o
90° Vo 0t 8v” 91°'0¥ Sy
0 ° 0z 0% ov- 1070t 5°¢
61° 820 0V St°+ €0 12" 0¥ 60" - €¢” 66°6¢ 52
10° 8T 0¥ 1Z° L0000 S°T
A €66°6¢ LT+ Lo ot-ot I1°- LT S6°6¢ S’
p (qp) (ar) (%) (ap) (qv) (%) (ap) (gp) (zH9)
jurelasou SS01T UOTIEBTAS([ UOTIBTAI( Sso7] UOTIBTAS(] UOTIIBIAI(Q S$so0] “baig
[e3jo] uorjlasuj JuadIa g - pIepuBl}S UOTJJIasuj JusdIag pilepuels UOT3i1asul
wa3sAS SAN wo31s4AS VYNV wo3s4LS VNVAL
(6) (8) (L) (9) () (v) (<) () (1)
+103®NU33lY TeIXeO) gp (¢ 10F AJewwng BIB(J SSOT UOTIIISUI pIinsedy "¢-8 ITQEL



‘Ped dP 0T 10F Aduenboij snsioy SSOT UOT}I8sU] JO 31014 oArIexedwo)

§°¢l

*+—ZHYH

S°9

S'S

S°v

"1-8 2an3ty

W3ILSAS D344 QIXI4 =
YNVQd @
YNV(lL w

T

%L

6

"ol

103



"Z7-8 9andiy

"Ped 4P 0Z 103 Adusnbaxj snsiop SSOT uoT3liasul jo 30[d aArr3zexedwo)
<—Z}y
§'2l S°LL 6§-0l 56 §'8 6°/ G'9 5°6 Sy G'¢ G2 Gl 5 ,
I I | ). T | T T T I T T 00
2°02
v
v
v ]
“ o — 02
v v ® .
v -—49°02
v v L o
v o
[ ) —8°02
-
]
o ®
—0°12
W3LSAS DIY¥4 GIXI4 =
Al -
YNYOSY @
VNVal W a

8p-

104



‘ped dp 0v 103 »u:w:cmym SNS18A SSOT U0T1idsul 3Jo 10T1d dAr3ereduwo) -¢-g oxnd1yg
<«— ZH9y
A S'1L G701 G°6 6’8 S L $°9 G'§ Sy G ¢ G° g 1 G
( | [ I | | I T ! I I |
v
v
[ v v .
@
o v s
o v
® v ° ® ® v . v
® v v
v ° ® 1
WILSAS 0344 0IXI4 @& -

YNVQY @
YNVaL W»

%l

0

"bE

b€

1}

v 0v h

8

oY

105



9., SYSTEM ERROR ANALYSIS

9.1 Introduction

This chapter is concerned with a discussion of errors in the TDANA
system, both systematic and random. At present, the system should be con-
sidered experimental in that an exhaustive effort to analyze and reduce
system errors has yet to be done. This analysis, as well as efforts to
extend the system measurement ranges for both frequency and insertion loss,
remain as planned future work.

Some system error analysis experiments have been conducted, however,
and some sources of error have been observed and noted in a qualitative
sense. The results of these experiments are summarized in this chapter.
Also, a discussion of suspected sources of error and their relative magni-
tudes is presented.

Some prior work has been accomplished pertaining to errors in sampling
oscilloscope systems similar to the TDANA. Efforts at Sperry Rand Research
[43] and at IBM Watson Research Center [44], in particular, have been
fruitful.

9.2 Systematic Errors

As opposed to random errors, systematic errors may be thought of as
errors that introduce a fixed bhias into the measurement process. As re-
ported in Chapter 8, the comparative insertion loss measurements conducted
on three coaxial attenuators indicate a tendency for the values of insertion
loss measured on the TDANA to be comnsistently less than thﬁse measured on
the other two systems. In all probability, this lack of agreement is caused
for the most part by systematic errors in one or more of the three systems
used. The results of the attenuation experiments, themselves, say nothing
about which system or systems are the ones in error, but experience indi-
cates that the fixed frequency 30 MHz IF substitution system is the most
accurate and precise of the three.

9.2.1 Impedance Matching Errors

The theoretical development presented in Chapter 2 shows that, were the
system perfect in all other respects, the insertion loss measurement accuracy
of the TDANA would be entirely dependent on the accuracy of the values of
ZO for the lines 21 and 22 shown in figures 2-4 and 2-5. That is, the
fundamental limitation of system accuracy for insertion loss measurements.
is solely dependent upon how close the impedances of lines 21 and £, are to
an ideal 50.0 Q over the frequency band of interest. The lines 11 and %

then, may be thought of as the system standards which will dictate the

2'
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absolute measurement accuracy of the system. It should be noted that the
connector pair used between the precision air lines and the reference inser-
tion plane is the major physical obstacle to achieving a perfect ZO trans-
mission line over the time window of interest. This error in Z0 may be
considered analagous to the problem of trying to achieve a perfectly re-
flectionless line when looking from the insertion plane towards both the
load . and generator in a frequency domain measurement system.

9.2.2 System Nonlinearities

Several distinct sources of systematic‘error have been lumped into the
category of system nonlinearities. The first of these are errors‘;aused
by the nonlinearities associated with the oscilloscope sampling head. The
dynamic voltage range of the sampling head is specified as *# 1 V by the manu-
facturer. A plot of displayed voltage on the CRT versus input voltage
demonstrated a definite nonlinearity with severe compression above 800 mV
{45]. Thus this must be considered a source of systematic error in the
range 0.8 to 1 V.

Closely related to the sampling head nonlinearities as a source of error
are the nonlinearities associated with the sampling oscilloscope vertical
channel circuitry. In addition, any nonlinearities of the 14 bit A/D converter
must be considered. It is very likely that the trend of smaller values of
insertion loss measured on the TDANA compared with the frequency domain
systems' results is caused, in part, by some combination of these three
systcmatic error sources. In particular, if these nonlinearities caused a
compression of the initial waveform voltage while faithfully acquiring an
accurate representation of the smaller attenuator response waveform, the
resulting measured values of insertion loss computed by the system would
indeed be less than their true values. Once these errors are modeled, it
should be possible to provide corrections by means of the systeh minicomputer.

It should be noted that for simple waveform spectral analysis, as opposed
to insertion loss measurements, the error associated with the absolute cali-
bration of the entire vertical channel must be taken into account. For
amplitude-independent absolute vertical channel errors, their cancellation
is ensured by the insertion loss computation (see section 2-3).

Horizontal nonlinearities are also present, primarily in the sampling
oscilloscope horizontal trigger and sweep circuitry and the horizontal sweep-
controlling 14 bit D/A. Because application of the discrete Fourier trans-
form assumes system linearity and equally-spaced time samples, any variation
in sampling point time spacing will cause errors in the resulting computed
waveform spectrum. The errors caused by these horizontal nonlinearities
result essentially in an uncertainty in frequency associated with each
computed spectral point.
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9.2.3 Computational Errors

For machine computation purposes, errors may be thought of as being
inherent errors, truncation errors, or roundoff errors [46]. Inherent errors
in data are errors introduced into the data before it reaches the computer.
These data errors may be caused by such things as systematic and random
measurement errors, measurement recording érrors, and data 'input errors
(caused by a faulty paper tape reader, for example). Truncation errors are
caused by the necessity of truncating an infinite series representation of
a function for computational purposes. For example, calculation of the sine

of x from the series,

sin x = x - < + 2 _x + ... (9-1)
3! 51 7!
leads to truncation errors because an exact answer can be obtained only by
computing the values of an infinite number of terms.

Roundoff errors are caused by memory limitation in the computer.
Depending on the machine design, only so much memory is allocated for
storage of a number. Also, arithmetic processors are limited in the size
of numbers upon which they can operate. Thus, only an approximation for such
irrational numbers as m and e may be stored and used in a éomputer. The
TDANA system minicomputer, operating in BASIC, is capable of storing and
operating upon numbers up to seven decimal digits in length. Remaining
least significant digits are simply discarded. ’ '

It is known that both truncation and roundoff errors are generated by
an FFT computation but an exhaustive attempt to establish bounds on these
errors remains for necessary future work.

Another source of computational error that must be considered is the
error introduced by the FFT'algorithm. Use of this algorithm not only
generates errors of truncation and roundoff, as mentioned above, but also
errors due to aliasing and windowing may be introduced.

As discussed in Chapter 4 aliasing errors occur whenever the frequency
content of the acquired time domain waveform cxceeds 1/24t where At is the
time sampling interval. For the most part, these errors may be effectively
eliminated by use of bandpass or low pass filters, either analog or digital,
that remove any frequency components of the time domain waveform at or
above the Nyquist frequency.

Errors introduced by windowing are more difficult to resolve. The
problem faced is that leakage errors will occur in the FFT computation if the
time domain waveform to be transformed does not start and stop at exactly
the same value of amplitude. Physically, it is considered impractical to
either build or modify the system pulse driving sources to exhibit this
characteristic. Rather, an algorithm was devised that operates on the
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acquired waveform in such a manner that the equal-amplitude requirement is
always met (see section 4.4 for description). This algorithm works quite
well for the pulse sources used in the TDANA but it should be kept in mind
that a blind application of this rule may lead to disaster. At present,

a mathematical study is in progress to determine the types of time domain
functions suitable for reduction by means of this algorithm. Preliminary
results indicate that time domain waveforms whose beginning and end point
slopes are zero may be operated on by the algorithm with error-free results.
Conclusive results of this analytical study will be published at a later date.

9.3 Random Errors

For purposes of random error source identification and error evaluation,
the random errors associated with data acquisition have been categorized as.
being either X-axis or Y-axis errors, and further, as either short term or
long term in nature. What follows is a discussion of these different errors
along with the results of a number of experiments performed in an effort to
quantify some of these errors. '

9.3.1 Y-Axis Random Errors -- Short Term

A set of experiments was performed to determine experimentally the
shape of the probability density function for the overall Y-channel short
term noise. Figure 9-1 shows a typical noisy sweep of 1024 points obtained
on the TDANA with a sampling oscilloscope vertical deflection factor of
10 mV/cm and with no input signal to the sampler. In order to show that
additive time-domain waveform averaging is a valid data processing opera-
tion for removing Y;channel noise, it is more that sufficient to show that
the Y-channel density function is symmetrical about the mean and that the
Y-channel noise is serially uncorrelated. That is, at each X sampling
location, if the voltage probability density function is an even function
about the mean then

N
lim v(x) = lim {% I v (x) + v.(x)]} = v, (x) (9-2)
Ne+o N-+w j=1 J
where N = number of voltage samples taken at location X

v(x) = value of voltage obtained at location x after additively
averaging N voltage samples

VS[x) = actual signal voltage at location x

vj(x) = random noise voltage added to jth voltage sample taken at
location x.
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Equation (9-2) will be satisfied, that is, the actual signal voltage may be
separated from the noise, if the voltage probability density function for
vj(x) is symmetrical, has a zero mean, and the v.'s are uncorrelated.

The experimental technique used to determine the Y-channel short ternm
probability density function follows. Using the system minicomputer,
sequences of 2048 Y-channel sample voltages were obtained and recorded for
various fixed locations of X and Y on the CRT screen. The sampling rate
was approximately 10 kHz. For each location (X,Y) that was tested on the
sampling oscilloscope, the 2048 voltage points obtained were sorted such
that the points were listed in order from smallest to largest in voltage
magnitude. Every eighth point was then plotted on a specially scaled
normal probability graph. The graph is so scaled that a linear plot of data
indicates a normal (Gaussian) density function for that data.

Figure 9-2 is a plot of a set of 2048 points taken at center screen
on the sampling oscilloscope display. The horizontal axis of this graph
is calibrated in units of millivolts and the vertical axis is calibrated
in both percentage of points below a value v (left scale), and in units of
standard deviation (right scale),. The vertical scale is linear in ¢
(standard deviation) for a normal probability density function. Thus, one
would expect a constant-slope plot to result from data that is normally
distributed. It is observed from this plot that the Y-channel data ob- .
tained from the TDANA center screen display appears to behave in an
essentially Gaussian manner. Results of the same experiment performed at
different CRT locations yielded virtually the same results. . Additional
preliminary experiments, to be reported at a later date, appear to indicate
that the Y-channel noise is essentially uncorrelated. Experimentally, then,
it appears that additive voltage waveform averaging is a valid technique
to remove the short term Y-channel noise voltage from the desired signal
voltage. Figure 9-3 is an example of 100 averages of a 25 mV pulse.

A dramatic improvement is quite apparent.

9.3.2 X-Axis Random Errors -- Short Term

In addition to the vertical noise described above, another major source
of random errors is time base (X axis) jitter. Elliott gave some considera-
tion to the effects of X axis drift and jitter in a paper published in
November, 1970 {47]. The derivations and experimental results reported
in this section are an extension and mathematical justification for Elliott's
assumption that stationary X-axis jitter has the effect of a low-pass filter
in a sampling system.
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Experiments similar to those used to determine the Y-channel noise
characteristics were performed to determine the X-channel noise characteristics
(short term). A more circumspective approach was taken, however, in order
to obtain X-channel noise data that most nearly resembled that observed in
normal TDANA operation.

Figure 9-4 is a 1024 point single-sweep representation of a tunnel
diode pulse acquired on the TDANA. The vertical deflection factor was
50 mV/cm and the horizontal time scale was 10 ps/cm. By positioning the
50% point of this waveform as close as possible to center-screen, and by
acquiring a set of 2048 vertical voltage samples with X fixed at center
screen, it was possible to obtain a reasonable estimate for the X-channel
noise characteristics as described below.

The 2048 points obtained may be considered realizations of a random

variable Z where
Z =X tan 8 + Y (9-3)

The following assumptions are made (see figure 9-5): (1) Y, the random
variable corresponding to Y-channel noise is small compared to X, the X-
channel noise random variable; (Z) X and Y are independent random variables;
(3) the rising portion of the tunnel diode pulse is linear near the 50%
point; and. (4) the rising portion of the pulse crosses the X axis at an
angle ¢ at the 50% point.

Then X may be obtained from eq. (9-3),

X = (Z-Y)cot 8 (9-4)
and the standard deviation for X becomes (for X and Y independent)
= 2_.2 2 L : .
9y [(cz cy)cot 8] (9-5)

Note that for eqs. (9-3) through (9-5), the units of X, Y, and Z are centi-
meters, Appropriate CRT deflection factors must be used to convert these
variables to units of either time or voltage.

For the case of a tunnel diode pulse, 6 was measured to be approximately
65° and o, was computed from eq. (9-5) to be 3 ps using a 10 ps/cm conversion
factor. Figure 9-6 is a normal probability plet of the data obtained as
realizations of Z. A separate measurement on the 50 mV/cm vertical scale,
similar to those performed in section 9.3.1, was made to determine Oy It
was found that o, was approximately equal to 0.61 cm while cy was approxi-
mately equal to 0.05 cm.. Thus, since g, >> Uy’ figure 9-6 may be considered
essentially a plot of the density function of X and has becen scaled in units
of picoseconds. It will be noted that the plotted data is not quite linear.
The most probable explanation for this nonlinearity (deviation from Gaussian
distribution) is that the rising portion of the displayed tunnel diode pulse
deviated substantially from the assumed linearity.
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Summarizing up to this point, a reasonable estimate for px(x) has been
experimentally measured to the extent that assumptions (1) through (4), above,
have been satisfied. The question that remains is what are the effects of
this X-axis short-term jitter with respect to the time domain response of
the sampling system and the computed frequency domain values. An intuitive
answer to this question may be obtained by.studying figure 9-7. Notice that
the idealized waveforms appear to become filtered by some equivalent low-
pass filter when subjected to voltage additive time domain averaging in the
presence of X-axis jitter. What are the characteristics of this equivalent
filter?

To answer this question analytically, consider an idealized sampling
system, with a perfectly impulsive sampling gate, such that an exact repre-
sentation of any measured voltage waveform, f(t), will be acquired and dis-
played. Next, allow this "perfect" sampler one flaw; assume that for each
X-axis sampling location the delay between the sampling trigger and the time
at which a voltage sample is actually taken consists of the proper delay time
plus a stationary random noise delay component. For the ith X location and
the jth sample taken at that location,

Tty (9-6)
where t, a random variable, is the actual trigger to sample delay time, T
is the correct delay time, and tij is the random added error delay time caused
by the assumed X-axis stationary noise. (tij may be either positive or nega-
tive.) Also, assume that the statistics of 1 are not functions of i.

Next, assume an idealized pulse source that generates an exactly (jitter-
free) periodic train of unity-amplitude rectangular pulses each of width 4t.
Then, for conventional time-sequential sampling of the assumed rectangular wave-
form one would expect samples of zero volts to be acquired and displayed
except when t falls in the interval

T<t1<T+ At (9-7)

where % is the delay time between the sampling trigger and the rectangular
pulse (see figure 9-8). Whenever t does fall in the above interval, a
unity volts sample will be acquired and displayed.

If this idealized sampling system is allowed to acquire N complete
sweeps each consisting of XK equally spaced samples separated by At, and if
these acquired waveforms are stored in memory such that

N

2 Vi i~1,2,3,...,K (s-8)
J:

h

where Vi is the sum of all voltage samples taken at the '1t X location and the

v.. are the individual voltage samples taken at the ith

ij X location, then the
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resulting waveform, in the limit as N + «, will simply be the discrete
probability density function of t (see figure 9-9). In addition, this
waveform will be the time-domain averaged impulse response of the sampling’
system if the rectangular pulse width and the sampling period are simul-
taneously allowed to approach a zero limit (At -+ 0).

Now, realizing that the density function for t is really identical ta
the previously defined density function px(k) for X-axis stationary jitter,
then the effect of this jitter may be calculated, in both the time domain
and frequency domain, from the measured px(x)!

As an aside, recalling eq. (9-3),

Z=Xtan 6 + Y (9-3)

it will be noted that, for an arbitrary deterministic input waveform, as
opposed to the constant-slope model waveform of figure 9-5, tan 8 will not
be constant. Rather, it will be the slope or first derivative of the input
waveform at the (unknown) actual sampling location in time. Fortunately,
the results of the idealized sampler model theory eliminate the need for
attempting to solve eq. (9-3) for an arbitrary input waveform.

-Assume, for simplicity only. that the time domain averaged waveform
acquired from the idealized sampler model (and thus px(x)) is a Gaussian
waveform of the form

g(t)AVG = Ae (9'9)

where A is a constant and the standard deviation 0, = tl. Then the fre-

quency domain effects of this assumed Gaussian time jitter may be obtained

by taking the Fourier transform of eq. (9-9) to yield
TN

= Be (AT

G(£) (9-10)

where

B

At VTT (9-11)

and where f1 is the frequency domain standard deviation, related to the
time domain standard deviation by,

1
Zﬁt1

Of = f1 = (9-12)

To summarize, it has been shown that a stationary Gaussian time jitter
in a sampling oscilloscope system may be thought of as having the same effect
as a Gaussian toll-off low-puss filter introduced into the Y-axis channel,
when additive time domain signal averaging is employed. Furthermore, it
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has been shown that ‘a measurable density function, px(x), may be used to
calculate the effective cutoff frequency of a sampling system as well as its
time domain impulse response due to time axis jitter. '

Thus, for the TDANA sampling on the 10 ps/cm scale in a free-running
trigger mode with Gaussian time jitter present,

£ = — 1 - 53 cHz (9-13)

2w (3 ps)
That is, the standard deviation cutoff frequency of the sampling system due
only to stationary time jitter, is approximately 53 GHz. Or, in terms of
voltage decibels, the 3 dB cutoff frequency may be calculated from the
equation
_l( £ )2
-3 dB = 20 log, e 7153 CHz (9-14)

to yield a 3 dB cutoff frequency of approximately 44 GHz.

It should be noted here that, in practice, the density function px(x)
must be measured for each sampling sweep speed setting on the TDANA. It
is not valid to assume that the- same o of 3 ps would be measured on, say,
the 100 ps/cm or the 1 ns/cm sweep ranges. Measurements on all other sweep
ranges remain to be done as future work. ’ ‘

With the above derivation for X-axis jitter, a TDANA system transfer
function may be stated for the case where sufficient additive time domain
averaging 1is utilized.

R(f) = G(f)I(f)Pf(f) (9-15)
where R(f) = system response in frequency domain
G(f) = unknown input waveform in frequency domain

I(f) = system transfer function due to all deterministic causes
(non-ideal sampling gate for example)
Pf(f) = X-axis density function in frequency domain.
In the time domain, eq. (9-15) becomes a convolution as follows,

r(t) = g(t) & i1(t) + p, (t) (9-16)

in the 1imit as At - 0 where At is the sampling period (see figure 9-10).
Equations (9-15) and (9-16) do not account for any non-stationary random
processes that may exist in the TDANA system. These sources of error are
discussed in the next section.
It also should be noted that some prior work has been done in an effort
to identify I(f) and/or i(t). In particular, Nahman's and Jickling's work
f48], using innovative frequency domain techniques to characterize broadband
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sampling heads, is very promising. Considerable future work remains, how-
ever, in order to achieve a suitably accurate estimate of I(f) or i(t) for
the TDANA. Nahman, Chipman and Lennon are continuing this work at the

University of Toledo.

9.3.3 X- and Y- Channel Errors -- Long Term

Up to this point the errors discussed have been either systematic
errors that cause a fixed error bias in the system or random errors assumed
to have only time-invariant statistics. The remaining class of errors to be
discussed are those errors, either of a random or systematic nature, that
exhibit some time-varying statistics. Of these, by far the most detrimental
are '"drift" and "hopping" errors.

Drift errors are particularly troublesome to deal with. Experiments
may be conducted (yet to be done) which will yield an estimate of the
characteristics of any X- or Y-channel drift, but even with this knowledge,
it is very difficult to remove the effects to an adequate degree of preci-
sion through software. It is felt that hardware waveform stabilization
techniques offer the most promise as a means of controlling drift. Elliott,
in particular, has devoted 'a sizeable amount of work to this problem [49].
In addition, Nicolson and Cronson, et al., at Sperry Rand Research, have
developed a three-point sampling technique designed to detect and correct
drift errors in certain classes of waveforms [50]. It remains as a large
future effort, however, to find a suitable solution to drift errors.

Hopping errors are defined as waveform acquisitio}x crrors caused by an
abrupt shift of the waveform during acquisition. Probable causes of these
errors are hardware problems such as intermittent switch contacts, faulty
circuits, and intermittent or faulty connectors (as well as miscellaneous
gremlins and spooks). The relatively straightforward solution to problems
of this sort involves utilization of careful hardware assembly and
maintenance practices.

The last error source in this category that bears discussion is elec-
tromagnetic interference (EMI). This includes RFI, computer noise, power
supply fluctuations, ground loops, etc. In terms of general system develop-
ment, where the TDANA may be utilized in any of a number of non-laboratory
(ideal) envirouments; more care would be expected 10 be necessary to ensure
that these errors did not creep into the system.
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Figure 9-1.

Typical 1024-Point Noisy Display
on the Monitor CRT With the
Sampling Oscilloscope Deflection
Factor Set at 10 mV/cm and With
No Signal Input.
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Figure 9-3.

Voltage -

Figure 9-4.

Time »

Example of Additive Time Domain Signal
Averaging. The Signal is a 25 mV Pulse
Displaye§ in a 2 ns Window. The Top

Trace is a Single Sweep While the Bottom
Trace is the Result of 100 Averages.

“Time -

1024-Point Single-Waveform Represen-
tation of a Tunnel Diode Pulse

Acquired on the TDANA. Oscilloscope
Settings Were 50 mV/cm and 10 ps/cm.
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Figure 9¢-7.

Plots of an Ideal Ramp Waveform (a) and
an Ideal Triangular Waveform (b) Showing
the Filtering Effects Caused By X-Axis
Time Jitter.
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10. SUMMARY AND CONCLUSIONS

10.1 Introduction

This final chapter is composed of two sections. First, a brief chapter-
by-chapter summary is presented emphasizing key conclusions drawn from work
aﬁcomplished to date. The second section is.devoted to a future work plan
along with suggested priorities.

10.2 Report Summary

The introductory chapter presented an overview of the report along with
a brief history of prior time domain metrology work done both at NBS and at
other laboratories.

Chapter 2 was devoted to a theoretical development and justification
for using time domain techniques to measure insertion loss and scattering
_ parameters of microwave devices. In particular, it was shown that accurate
measurements can be achieved over a certain time window regardless of the
generator and load impedance match and the oscilloscope transfer function.

In Chapter 3 the interrelationships of the Fourier integral transform,
Fourier series, discrete Fourier transform and fast Fourier transform were
discussed. Terminology and units were stressed in order to avoid confusion.

The next chapter consisted of a set of actual discrete Fourier trans-
forms of ideal rectangular pulses performed on the system minicomputer.

The pulses and their resulting spectrum amplitudes were chosen to point .out
some of the pitfalls and problems associated with applying the FFT to¢ time
domain measurements. . ,

Chapter 5 contains a description of the TDANA system. The three major
parts of the system, pulse generator, sampling oscilloscope and minicomputer,
are discussed in detail with an emphasis on design criteria and available
state-of-the-art components. Chapter 6 provides a detailed description of
the complete sampling oscilloscope/minicomputer interface. This interface
was the most formidable hardware obstacle to overcome in the development
of the TDANA.

The system software package was presented in Chapter 7. At this stage
of system development it should be noted that the software is in a continual
state of change. Additional comments on future software goals are presented
in the next section. This chapter also contains a description of a new
windowing algorithm that, for certain classes of time domain waveforms,
yields transform magnitude spectra essentially free of leakage errors and
free of ambiguity between speciral zeros caused by the measured waveform and
those caused by the necessarily finite time window.
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Chapter 8 contains the results of some wideband coaxial attenuator
insertion loss measurements. The measurements were performed on the TDANA
and two frequency domain systems with a resulting * 1.5% system agreement
over a 40 dB range and a band of frequencies from 500 MHz to 12.4 GHz.

Chapter 9 contains a partial system error analysis as pertains primarily
to insertion loss measurements. Particular emphasis in this work was
placed on an analysis of Y and X channel.short term noise and jitter. The
effects of X-axis jitter were shown to behave as a low pass filter when addi-
tive time domain signal averaging is employed and a method for measuring the
characteristics of this equivalent filter was presented.

In summary, this technical note is a report of work accomplished to
date at NBS toward the development of an automated time domain measurement
system. In comparison to frequency domain measurement technology, the art
and science of time domain metrology is considered to be in its infancy.

A great deal of future work remains.

10.3 Future Work

As presently envisioned there will be several major areas of future
work. Most of these will be undertaken in parallel. The first of these is
concerned with the automation of the APMS for pulse parameter measurements
such as rise time, delay time, distortion, and spectrum amplitude
among others. One of the long range goals of this work will be to establish
standards of terminology and of measurable parameters for pulses geared to
the end user and his application needs.

The second area of major effort will be that of system measurement
error analysis. Further work will be done relative to modeling, measurement
and reduction of system errors, both systematic and random. Closely related,
further work is planned in the area of hardware modeling of system elements
such as samplers and pulse generators.

The third major work topic will be software development. In the im-
mediate future, the flexible disk mass memory storage unit will be incor-
porated into the system to facilitate an on-line operating system built
around FORTRAN with called assembly language subroutines. The software
system will be file oriented with macro command capability and will elimi-
nate the necessity for paper tape operations almost entirely. In addition,
incorporation of hardware floating point array processing is planned to
increase both speed and accuracy of the system,
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The fourth major effort will be in the area of hardware development.
Included in this area will be hardware reduction of sampling system time
‘base drift, development of improved pulse generators and samplers, and
construction of microwave hardware assemblies for dedicated use in the

measurement of microwave scattering parameters. ,
) The last area of major effort will be an investigation of other pos-
sible applications of the APMS system in general. Measurement of broadband

antenna characteristics, for example, utilizing time domain techniques
appears promising. Investigations will also be conducted into the feasibility
of using pseudo-random binary sequence noise generators with the APMS to
measure certain parameters of data communication systems over a wide range

of frequencies.
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APPENDIX A -- Basic Language Programs
APPENDIX A-1

19 DIM A[2551,B[2551,CL1291,D[129]
120 LET N3=128

119 LET N1=i

120 cCALL 1

133 CALL 2s,N1,N3

149 PRINT

156 PRINT "TIME SCALE IN NSEC/CM?"
163 INPUT NS

170 PRINT

183 LET F1=(1/N5)*100

198 LET N2=128

299 LET N3=128

219 FOR I= 0 TO 255

229 LET ACll= @

239 LET BL[IJ= ©

249 NEXT I

252 REM INSERT TEST WAVEFORM HERE

433 REM FFT STARTS HERE
443 LET G=7

459 LET N=128

469 LET P=8* ATN (1)>/N
47¢ FOX L= 8 TO G-1

433 LET G1= INT (2t(G-L-1)+.001)
493 LET M= @

S92 LET I9= INT (2+L+.031)

510 FOR I=1 TO I9

522 LET K1= INT (M/G1)

530 GOSUS - 928

540 LET B1= COS (P*K2)

559 LET B2=- SIN (P*K2)

563 FOR J=1 TO .Gt

570 LET B3=A[M+G1+114«B1-B[M+Gl+] I*B2
589 ' LET B4ZA[M+G1+11*B2+B[M+G1+] J*B1
5 90 LET ALM+G1+1J1=A[M+11-B3

620 LET BLM+G1+11=B[M+]1-3B4

619 LET ALM+11=ACM+] 1483

629 LET BIM+11=B(M+11+B4

633 LET M=M+1

649 NEXT J

650 LET M=M+G1

660 NEXT I

673 NEXT L
683 FOR I= @ TO N-1
698 LET Kil=l

700 GOosus 9292

718 IF K2>=1 GOTO 7823
729 LET K3=Aa(l+1]

739 LET ACI+1I=ACK2+11]
749 LET ACK2+11=K3

131



753
769
779
7892
799
8292
819
820
830
840
850
869
8170
880
g90
939
910
920
9308
940
952
960
9709
9892
999 -
1910
1023
12306
1042
18592
1069
1079
1080
1092
1193
1110
1120
11390
1149
1159
1169

LET K3=BL{I+1)
LET BLI+13=B(K2+1]
LET BLK2+11=K3
NEXT I
FOR I= @ TO N-1
IF ALI+11>.000001 GOTO 838
IF ACI+11<-.008081 GOTO 830
LET ACI+11= @
IF BLI+131>.000081 GOTO 860
IF BLI+11<-.009331 GOTO 860
LET BLI+11= @
LET ACI+11=ACI+1 1%ALI+1)
LET BCI+11=BCI+11*BLI+11
LET ACI+11=ACI+11+BCI+1]
LET ACI+11= SQR CA[I+11)
NEXT I
GOTO 1819
LET K2= 0
FOR X=1 TO 6
LET K3=K1-2*% INT (K1/2)
LET K1= INT (K1/2)
IF K3= @ GOTO 983
LET K2=K2+ INT (21(G-K)+.801)
NEXT K
RETURN
FOR I=1 TO 128
LET CLI1=ALI]
LET DL{II=CI-1)*F1
NEXT I
FOR I=1 TO 32
PRINT I»DCIJ3"MHZ*,CLI]
NEXT 1
FOR I=1 TO 128
LET ALI-131=ALI1

NEXT 1

LET N3=256
caLL 1

CALL 4, 0@.,A
CALL S.N3
GOTO 1140
END
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APPENDIX A-2

12 DIM AL2551,802551,C[1291,D(1291]

123 PRINT ""REF. WAVEFORM ACQe READY? (TYPE @)
119 INPUT H1

128 LET N4= @

133 PRINT

142 PRINT *# OF TIME DOMAIN AVERAGES?'
159 INPUT NI

162 PRINT

178 PRINT *"# OF FREQ. DOMAIN AVERAGES?"
189 INPUT N7

193 PRINT

233 PRINT "TIME SCALE IN NSEC/CM?"

213 INPUT NS

229 PRINT

232 CALL 11

243 LET F1=(1/N5)*59

253 FOR H=1 TO N7

263 LET N2=128

273 LET N3=128

283 FOR I= @ TO 128
292 LET AlIl= 0
379 LET BLIl= @

319 NEXT 1
320 caLL 1

332 LET N6=438
‘342 CaALL 2sN6sN3
359 caLL 1

3672 LET N3=256

379 CALL 2,N1,N3
383 CalLl 3, 09,4

399 FOR I= 8 TO 127
439 LET ALIl=ACI]/NI1
419 NEXT I

429 LET Wi=A(31-AL21]
433 LET W2=4C[4]-A(3]
443 LET W3=A(51~-Af4]
452 LET W4a=(W1+W2+W3)/3
459 LET Af{11=Af2]-W4
4709 LET AL 21=AL11-W4
489 LET M1=Al 921

493 caLL 1

539 CaLL 4, B@»A

519 FOR I=1 TO 529

523 CALL 5,N3

539 NZXT I

543 LET M2= 0

559 FOR 1=69 TL 63

569 LET M2=M2+A(11]
573 NZXT 1
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583
593
6929
613
623
630
649
659
- 669
670
682
693
709
719
729
730
749
759
160
770
783
790
839
810
829
830
840
859
860
870
8389
892
929
913
920
933
942
959
%63
373
983
990
1038
1319
1229
1539
1343
1959
1363
1879

LET R=M2/4-M1}
FOR I= 0 TO 63
LET AC(I+641=2%xM2/4-A(1]=R
NEXT I
LET N3=128
caLL 1
CALL 4, 09sA
FOR I=1 TO 5982
CALL 5:N3
NEXT 1
REM FFT STARTS HERE.
LET G=7
LET N=128
LET P=8* ATN (1)/N
FOR I= @ TO 127
LET AL128-11=A[127-11

NEXT I

FOR L= @ TO G-1
LET G1= INT (21(G-L~1)+.001)
LET M= @
LET I9= INT (2tL+.3061)
FOR I=1 TO 1I9
LET Ki1= INT (M/G1)
GOSUS 1349
LET Bl1= COS (P*X2)
LET B2== SIN (P*K2)
FOR J=1 TO Gi
LET B3=ALM+G1+11*B1~-BIM+G]l+1 J*BL
LET B4=A(M+G1+11%32+B(M+G1+11*B1
LET ALM+G1+1]1=A[M+1]1-B3
LET BEM+G1+11=B{M+11-B4
LET ACM+]J=A[M+} 1+B3
LET BI{M+11=BL{M+11)+B4
LET M=M+1
NEXT J
LET M=M+G1
NEXT 1
NEXT L
FOR I= 23 TO N-1
LET Xi=1I
GOSUB 1340
IF K2>=1 GOTO 1uéd
LET K3=A[1+11
LET ALI+11=A[K2+11]
LET ALK2+11=K3
LET K3=3[I+11
LET BLI+11=BI[K2+1]1]
LET BI{K2+11=K3
NEXT 1
FOR I= @ TO N-I
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1383 IF ACI1+11>.0099201 GOTO 1119

1399 IF ACI+11<-.900091 GOTO 1119
1100 LET ACI+11= @

1119 IF BLI+11>.000081 GOTO 1140
1120 IF B(I+11<-.002001 GOTO 1140
1139 LET BCI+1l= @

11409 LET ALI+131=ACI+11*ALI+1]

1150 LET BLI+1])=BCI+11*B(I+1]

11603 LET ACI+11=ACI+11+BLI+11] -
1170 LET ACI+1]1= SQR (ALI+11)

1180 NEXT I

1199 PRINT

1230 -PRINT H

1210 FOR I= @ TO 31

1220 LET BL11l=10=xAL2%I+21]

1230 NEXT I

12406 FOR I=32 TO 255

1259 LET BL(IJ=10

1269 NEXT 1

1270 CALL 12.,B

1280 LET Xi= @

1298 NEXT H

1302 LET X1= 0
1312 CALL 13»,A
1328 LET X1= @
13380 GOTO 1429
1343 LET K2= @
1356 FOR K=1 TO G

13692 LET K3=K1=2% INT (K1/2)

1379 LET Ki= INT (K1/2)

1389 IF K3= @ GOTO 14929

1399 LET K2=K2+ INT (2t(G~K)+.001)

14808 NEXT K

1418 RETURN

14292 IF N4=1 GOTO 1630

1438 FOR I= O TO 31

1440 LET CLI1=ACI1]

1459 LET DLI1=(2%1+]1)*F1

1460 NeXT 1

1473 FOR I= 0 TO 31

1469 PRINT I,DCIJ3"MHE",CCI]

1493 NEXT I

1598 LET N4=1

1519 LET N1= 3

1523 LET N53= g

1539 PRINT

1548 PRINT "UNKNOWN DEVICE WAVEFORM ACQe READY? (TYPE 2>
1 553 INPUT H2

1563 PRINT

1573 PRINT ""NOMINAL INSERTION LOSS IN DR2T
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1582 INPUT 21

1598 PRINT

1699 PRINT "FULL SCALE INSERTION LOSS IN DB?*
1619 INPUT 22

1620 GOTO 139

1639 FOR I= @ TO 31

1640 PRINT I,DCIJ;*"MHZ",ACI]

1659 NEXT I

1668 FOR I= @ TO 31

1670 LET ACLI)=ACI3/CCI]

1682 LET ACI1=28%(¢ LOG (AC1.1)/ LOG €18))
1699 NEXT I

1788 PRINT

1718 FOR I= @ TO 31

1720 PRINT :1,DC133""MHZ">AL115"DB"

17380 NEXT I

1740 LET N3=512

1756 CALL 1

1768 FOR 1= 9 TO 31

1778 IF ALIl>=-(Z2+4Z1) GOTO 1800
1780 LET ACIl= 0

1792 GOTO 1849

1500 LET Z3=9030/2Z2

1810 LET A[11=190030+23*A(11+Z3*£]
1820 IF ALI1<16383 GOTO 1849

1833 LET ALI1=16383
1848 NEXT 1

1358 CALL 45, @»A

1860 CALL S,N3

1870 GOTO 18693

1888 END
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APPENDIX A-3

18 DIM A[255]1,B(2551,C[2551,D(2551,E(2551
1893 PRINT ""REF. WAVEFORM ACNQe+ READY? (TYPE Q)"
113 INPUT Hi

1286 LET N4= @

133 PRINT

149 PRINT "# OF TIME NOMAIN AVERAGES?™
159 INPUT NI

160 PRINT

178 PRINT *# OF FREQ. DOMAIN AVERAGES?"
182 INPUT N7

190 PRINT

2@9 PRINT "TIME SCALE IN NSEC/CM?"

219 INPUT NS

220 PRINT

233 LET F1=(1/NS)=*59

249 CAaLL 11

258 FOR K=1 TO N7

269 LET N6=1009
279 LET N3=64

2832 cALL 1

293 CALL =2,N65N3

3293 LET N2=512

310 LET N3=16384/N2
320 CALL 1

330 CALL 2,N1sN3

3409 caLL 3, @,A

350 CALL 3s256,8B

369 FOR I= @ TO 255
379 LET A{II=ACI]/N1
3892 LET BCI)=BCIl/N1
39Q NEXT I

499 LET M1= @

419 FOR I=1 TO 6

42¢@ LET Mi=M1+A(1]
433 NEXT 1

449 . LET M1=M1/6

452 LET AL 31=M1

463 LET M2= 0@

A73 FOR 1=258 TO 255
483 LET M2=M2+B(11]
4993 NEXT 1

5@372 LET R=M2/6-M1

519 FOR I= 9 TO 255
529 LET C(Il=2%M2/6-AL1]-R
539 LET DLIl=2%M2/6-B[I]1-R
543 NEXT I

553 CALL 1

567 CALL 4, 2.a

579 CALL 4,256,R
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589
593
609
619
629
639
649
659
660
6732
682
690
19893
719
729
7392
742
759
769
773
789
799
822
819
829
8392
843
859
869
879
8392
893
933
919
823
933
942

Q834

P

963
919
982
9973
1333
1219
1929
1339
1342
1259
1369

CALL 1»,512,C
cALL 4,7685D
LET N3=16
FOR I=1 TO 293¢
caLL 5,N3
NEXT I
LET N@= 0
LET N2=2%N2
CALL 198,N3,N2.,S
caALL 9, BsA
CALL 9,256,B
cCALL 9,19224,C
caALL 9,1289,D
FOR I= @ TO 255
IF ACl11>.083Q331 GOTO 750
IF ALll)<~.993381 GITO 759
LET AL11= O
IF B{11>-.23990%1 GOTO 7832
iIF BLll<-.29929231 GOTO 780
LET B(Il= 0 .
IF CCIl1>.000931 GOTO 810
1IF CL11<=-.0000831 GOTO 814
LET CC11= @
1IF DL11>.099291 GOTO 840
IF DC11<-.3339221 GOTO 8432
LET D[1l= ©
LET ALI3=ACII*ALIl
LET.BCLI1=BL11%B(1]
LET CCI)=C(1]=CL1]
LET DCI1=DCI11*DCI11
LET ACLIJ=ACI1+C(I11]
LET BC(11=BT131+DC1L1]
LET ALI1= SAR ALl
LET BLI3= SQAR (BLI)
LET CCLIJ=A(I]
LET DCI11=B(I1]
IF CL11>1 GOTO 964
LET CLI1=1
iIF DCIl>1 GOTO 983
LET DLI1=1
NexT 1
PRINT
PRINT S
FOR I= @ TO 255
LET C[I]=2?(S‘ID)*64@®*(
LET D[I]=2?(5'1@)*64@Z*(
NZXT I
caLl 1
LET N3=32

LOG (CCI1)/ LOG (18))
LOG (DLI1)/ LOG (18))



1079
1989
1393
1129
1113
1129
1132
1140
1159
11632
1179
1182
119
1229
1219
1229
1239
1243
1259
1269
1279
1282
1292
1399
1316

132@ .

133@
1343
1353
136@
13703
1389
1393
1409
1419
1420
1434
1443
1454
1459
1472
1483
14933
1530
1519
1529
1533
1543
1553

CALL 4, @,C
CALL 4,256,D
FOR I=1 TO 220
" CALL 55N3
NEXT I
FOR I= 0 TO 127
LET ALIl=A(2*]+11
NEXT I
FOR I= 90 TO 127
LET A(I+1281=B[2*]+11]
NEXT 1
FOR I= @ TO 255
LET A[Il=2+(5-8)%A[1l]
NEXT 1
CALL 12,4
LET X1= 2
NEXT K
LET X1= 2
CALL 13,A
LET Xt= 3
CALL 45 9»A
LET N3=64 _
FOR . I=1 TO 3%2@
CALL 5,N3
NEXT I
IF N4a=1 GOTO 147Q@
FOR I= 2 TO 255
LET ECI1=A[I1]
NEXT I
LET N4=1
PRINT
PRINT *"TEST DEVICE WAVEFORM ACQ. READY?
INPUT H2
PRINT
PRINT ""NOMINAL INSERTION LOSS IN DB?"
INPUT £l
PRINT
PRINT ""FULL SCALE INSEXRTIJIN LOSS IN DB?2'
INPUT €2
GITO 139
FOR I= 9 TO 255
IF arll>.32221 GOTJ3 15@2
LET AL11=.90031
IF 2C(11>.23%2%1 GOTO 1529
LET EC11=09091
LET AfLI]=ACII/ELL]
LET ALI11=20%( L3G (ALI1>/ LOG (1371
NEXT 1
PRINT
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1569
1579
1582
1593
16903
1619
1629
1632
1640
1659
1669
16790
1682
1690
1739
1710
1723
1730
1749

FOR I= 0 TO 100
LET CL1)=(2%xI+]1)*F1
PRINT IsCCIls*MHZ"»A(11]1;'DB"
NEXT I
cALL 1
FOR I= @ TO 255
IF ALIJ)>-(Z2+Z1) GOTO 1658
LET A(Il= 2
GOTO 1692
LET #3=6003/%2
LET ACI)=12200+Z3*%C(AL11+Z1)>
IF ALI2<16383 GOTO 1692
LET A{I1=16383
NEXT 1
cALL 4 @.,a
LET N3=64
CALL 5sN3
GOTO 17292
END

140



13313

47032
43301
473902
473923
41364
473395
43036
479597
43319
43311
493912
al1313
47501 4
43715
45316
49917
43929
43921
43322
43023
493024
471325
473326
478327
49339
49331
477332
493733
473334
44335
437336
47373537
PADEMEC ]
45l
43342
471143
47744
43745
A 1ah
49347
43159

43351
43952
49953
43354
473355

APPENDIX B -- Assembly Language Programs

3973319
L RBLY]
043339
B414351
3309921
349193
229373032
0uaEI2
343297
123800
93a33
T434730
13729339
g24394
349530
1339493
3992395
1473697
1099199
2182936
Bay199
olcTstololo !
39439337
A43730
339339
3333193
3473750
LLBIEY
PIRIERN!
JA1920
132396
133012
G41747
126717%
0793913
342579
J439N3
03314
A424637
143393
731615
D42TFID
1473496
177477

¥923139
233132

830921
309023

020424
9623717
992431
339521
009299

SBTB @

H
FIX=
FLOT=

»

.
ks

INTRP:

ADM ¢

APPENDIX B-1

s 10 3SUBROUTINE .$START ADDRZSS

SBIB

«LOC 49300

INTRP 3JINTERRUPT ROUTINE Sa

1 3SUBRUUTINE CALL NUMBER

MEMC JMEMORY CLEAR RUYTINE

203009 JVARIASLE CODE

2

DATAN 5DATA ACAUISITION RJIUTINE

1233323 3CALL 25N1.N3

3

DATOP 3DATA JPERATE ROUTINE

133920 5CALL 3,256s8 ETCe

4

DATRT 3;DATA RETURN ROUJTINE

13490092 SCALL 455125C ETCe

5

DIsPL 3DATA DISPLAY ROJTINE

198934 5CALL 55N3

6

FUL5C 3 X~Y RECORD rdJLL SCALE SET

033020 sCALL 6

7

ZERJ 3X=Y RILCORD ZIRO SET

BI6PID) 5CALL 7

19

RECOR 3 X-Y RECORD

0341320 ;caLl 8

11

NATO2 ;DATA RTN QOUT INE-SINGLE SPACE

139209 ;CALL 9,8sA ETC.

12

FFTST 3EAST FIURIEZR TRANIFO2M

1267394 SCAaLl {vsnNJanN2,y

13

RN Tos~] 3SPEICTRAL HZi) Y CLEAR

3J33733 sCnALL 1t

14

SPECS 337 ICTRAL DATA 1) 8SINawvy

1491399 ;CALL 12,A

15

SPECF 33PICTRAL DATA TO SBASIC

1420030 3CAakl 13,A

-1 send) OF SU3RGUTINZ TA3LE
BASIC LINKAGES

139

132
A/D=-D/N LINKAGES :

«DUSR ADCV=21 ;n/D DZVICEZ CUODE

«DUSR DACY =22 3D/SA DIVICE CODE
INTERWMST ROUTING

LDA A A ;PUYT A/D MASK 81T IN AC O

MSKO (6] 5DISA3LE AZD INTERRUAT

JM?2 T e+l 360 TU 2ASIC INTIZIRRUPT

521 SIN LIJCavIoN 521

2130 3A/0D MASK INTIRRUPT WORD

«EO0T ’
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A3149
43191

43132
43133
49174
40175
473196
43197
49112
43111
43112
43113
43114
47115
43116
4117
49123
44121

4122
49123

94921920

A54422

232416
450416
J24416
234020
354416
334419
3540209
342720
314497
233776
034419
354920
092435
04717717
G14737)9
A5039
333004
P ITRLY]
332309

MEMC ¢

CLEAR:

ST1:
CST1
CNT1
A7
RTNI1 ¢
5v2a:

o os

APPENDIX B-2

MEMORY CLEAR

«LOC
STA
LDa
STA
LDA
LDA
STA
LDA
STA
STA
DSZ#
JMP
LDA
STA
Jit?
47777
4349

43193
35RTNI
2,CST!
2,CNT}
1,43
3,29
3,SV20
3»ST1
3:249
Q.,e23
CaT1
CLEAR
3.5v2)
3,20
ARTNI
2 CLEAR

ED

ROUT INE
;ABS. SA

SRETURN ADDRESS

52K OF MEMORY RESERVED
3COUNTER

3 R0

3SAVE LOCATIUN 20

’

3CLEARED MEMURY SA
FINITIALIZE AJTOINCREMENT
3PUT 220 IN 59409 ETCe
$F INISHEID?

3NO=-RETURN

3 YES-~RESTORE LOCATION 2y
>

SRETURN TV BASIC
MEMIRY SA MINUS I

3AINIER JF SLEARED LJICATIONS
3COUNTER FUR CSTI
sCONSTANT

33ASIC

e

i}

TURIN ADDRESS

3CONTENTS JF LOC 20
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403299
413291
40232
43233
409204
40259
492306
4092037
42215
44211
49212
435213
47321 4
432195
4193216
43217
43223
4793221
47222
49223
4722 4
40229
43226
43227
43230
45231
43232
45233
19234
47355
471236
43237
a1n 0"
49241
472 42
49243
3244
49245
49246
479247
403257
47251
473239
47253
Q3254
473253
G256
437257
43269
49261
43262
43263
47126 4
47265
£002066
47267
47127))
49271

B42200
031430
a214539
325791
354472
336139
DLA464
334467
3314791
2219939
D251
3096139
Q404619
325923
443463
B234521
J43462
239451
151439
D97459
234452
214446
3733476
023452
439329
1293451
449921
121432
A20444
DL
540 )21
Q34449
q544733
37434
323435
3617923
372923
n61121
363621
339717
76421
177129
175229
175220
2267529
3220209
1637322
125499
3467321
3429521
1324412
133339
350411
Q34494
156414
333752
Y134
Ja3in
30udIs

DATAY:

SWP1:

PT1:

PZAC:
CST2:

APPENDIX B-3

DATA ACNUISITION RJUTINE

.LOC
LDA
LDA
LDA
STA
J3SR
STA
LA
L.DA
LDA
LDA
JSR
STNA
LDA
STA
LDA
STA
LDA
INC
STA
LDA
NS #
JiMe
LDA
STA
LA
STA
Jrip
LDA
STA
5rA
LDA
STA
L.DA
LDa
D2A
po8

"DJAS

SKRADN
Jpio
DIC
ADDEL.
MIVER
MOV ER
1.0A
LDA
ADNE
INC
STA
STA
LDA
ADD
STA
Lna
SJs#
Jrio
Jt"D
43339
d

42N JNBse SA

2,3,3 3N ADDRESS IN AC(C2)
05952 J1ST HALF OF N1 IN AC(D)
12122 32NN CHALF OF Nl IN AC())
JoRTN2 SRETURN ADDRESS IN RTN2
AeF 1K SJUCONVERT N1 TO BINARY
1>C3T2  BINARY N1 TU CST2
3,RTH2  ZRETURN ADDRESS IN AC(3)
25153 3N3 ADDRESS IN AC(2)
DirJs2 JIST AALF OF N3 IN ACGY)
1>1.2 3END HALF UF N3 Ly ACCLD
Geil IX SCONVZIT N3 'TU BINaRy
1>CST3  3BINARY N3 TY CST3

Js23 35AVL LIC 29

) ,82% 3 o

Ja21 ;SAVE LOGC 21

U,521 5"

25,0872 54 AF LAVEFORMS IN AC(2)
222 JA20 1 TI AC2)

25CNTZ2 5RESULT IV CNTR
3,RTN2 FRETURN ADDRESS :
cwnT2 3H0F WAVIZFORMS YET?

REPT 3N == 1ZTURN

2252% JYZS=--RUSTURE LIC 27

A,273 3

e S92 SRESTORE LIOC 21
Gs21 HE

2,3 3RETUN TO RASIC
Sa3GN 380 FU< STURAGS
2,20 SAJTOTNCREMENT LOC
3,2 PN

3,AN75 ;=R In AT
NSCRT3 3EENS 2IINT COUINTER
2:CH73 320007 CAUNTER 1N AC2)
BN 5TERDOIN ACO)

D.DNCV 3ADDRIESS D/A #7)
“ZsDACY 3IUTPUT X LICATION
WE IV INY] ISIART WD v

ADC SCANVERNSION FINISHED?

D | SN ==RIETURN

32ANCY 3 Y(ZS==20T NUM3ER IN AC(3)
3,3 3222M0VE LEADING SIGN BITS
353 i " :

3,3 H '

1,229 SLARCGE HALF JF @ IN aCc(1)
35029 33All HALE OF 4 Ix AC(Y)
3,4532C 3ADD TVO SHALL MUMBERS

151 FAVZArldw, AQD 1 TJI ACCLD
1,071 FAITUN SUM TO MZwdRY
J,021 ;0

1,CST3 3BITZ SIZE IN ACC(1)D

1,2 5 ING REMENT PIINT CAUNTER

2,CNT3 3Nz COUNT IN CNT3

322EAC 3TITAL & OF 201873 IN AC(3)
2,3, 3R SuAVEFIRM FINISHED?

2Tt SN = ANTURN

Siet 5YZS CET Nav wAVIFORM?

SMAX O OF 2OLNTS (vt 4)

34 0F WAVEFIRMS
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408272 239923 CNT2: 3 3WAVEFORM COUNTER

42273 3733733 CST3: G 3BITE SIZE
48274 9937919 CNT3Ie 2] 3POINT COUNTER
40275 999990 RTWN2: o] JBASIC RETURN ADDRESS
A%276 33993 ADD: 0 3CONSTANT 9
49277 241777 BGN: 417717 3SA MINUS | FOR DATA STORAGE
43329 0973399 S20: 3 SCONTENTS OF LOC 29
41331 3A32329 S21% ¢ 3 FCONTENTS OF LOC 21
«EOT
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BaBaild
43439 3314093
43431 321399
49432 0259301
43433 354432
47404 336139
43495 623433
47776 125129
49497 187030
A%410 920426
403411 Qav426
43412 B44427
29413 2334422
40414 235491
49415 0B54425
43416 033423
40417 321599
4734213 52544
471421 151409
472422 151499
471423 356416
40424 336132
43425 342415
43426 2310414
AD42T QAAA13
43433 010412
47431 B14476
49432 332764
4% 433 D34472
4434 BB 492
43425 35097379
47435 B3390
4037 B33P
43447 05T3T%7)
4441 333937
43442 330757

DATOP:

LOUOP ¢

RYINI ¢
CST4:
CNTA:
CSTS:
AD3N:
AnFP e

APPENDIX B-4

SEND DATA TO BASLT SUBRUUTINE

«LOC
LDA
LDAa
LDA
STA
JSR
LDA
MOV EL
ADD
LDA
STA
STA
LDA
LDA
STA
LDA
LnA
LDAa
INC
INC
STA
Jse
5TA
ISz
STA
1s2
DS#
JrP
LA
Jn?

49 )

5733313

«EOT

4439 JABS. SA

2593 3DATA ARRAY ADRe IN AC(2)
D2352 31ST HALF 1IN AC(@)

1,12 32ND HALF IN AC(1)

3,RTN3 5RETURN ADDRESS TO RTN3
ReFIX SCONVERT TJ BINARY
2sCSTS 3DATA STORAGE SA IN CSTS
151 SDOUBLE ARRAY NUMBER

gs1 3ADD SA TJ ARRAY NUMBER

75CST4 3256 PIINTS IN ARRAY
J2CNT4 SFOINT COUNTER

1,ADHEN SO INARY ABDRESS

3,”TN3 3RETURN ACDRESS TO AC(3?
3,1.3 3ARRAY SA TJ AC3)

3,ADFP JARRAY SA T ADFp

2,ADRN 3B INARY ADDRESS TO AC(2)

Ds9.2 51ST HALF OJF # IN AC(3)
1512 32ND HALF QF # IN ACC(1)
2,2 5 INCREMENT BINARY ADDRESS
2,2 ; “o

2,ADBN SNEW BINARY ADDRESS TO ADAN
2.FLOT SCONVERT TJ FLOATING PIINT
@,0A0F2 15T HALF TO BASIC ARRAY

ADFP . FINCRzZvINT FP ADDRESS
1.nA4DF2 220D HALFE TO BASIC ARAY
ADFP FJINCAZMINT Fr» ADDRESS
CNT4 FFEINISHED?

LOJP FNJ)--RETURN

3,RTN3 3YES==LOAD RRETUIN ADDRESS
2,3 3USTURE T BASIC

3BASLIC ReETyW ANG LSS
3256=PJLNT ARRAY

520INT COUNTER

5B3INATY STORAGE SA

SCURNEINT BINARY ADIRESS
SCURRENT FLOATING P23INT ADDRESS
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APPENDIX B-5

RETURN DATA FRIM BASIC ROUTINE

43533 «LOC 43533 7ABS. SA
472597 331433 DATRT: LDA 2,3,3 JARRAY ADDRESS IN AC(2)
4735731 B217979 LDA 30,2 31ST HALF IN AC (W)
43592 25991 LDA Is1s2 32ND HALF IN ACCD)
‘43593 054430 STA 3:RTN4  3RETURN ADDRESS TO RTN4
43594 336130 JSR 8e.F1IX 3CINVERT TO BINARY
43595 620427 LDAa B3,C3T6 FDATA STINAGE SA TO CST6
49506 127239 ADD ds1 3ADD SA TU ARRAY NUMBER
43597 344430 STA 1,BMNAD  ;BINARY ADDRESS
43510 228425 LbDA 0,CST7 3256 PIOINTS IN ARRAY
43511 849425 STA DsCNTT  PQINT CJOUNTER
43512 034421 LDAa 3sRTN4  SRETURN ADDRESS TO AC(3)
471513 035431 Lba 3,1,3 JAR2AY SA TJ AC(3)
45514 354424 STA 3,FPAD 5ARRAY SA TO FPAD
473515 922423 LURE: LDA FsQFPAD 31ST RALF TO AC(d)
A1516 3119422 ISz FPEAD 5 INCREMEINT FP ADDRESS

43517 326421 LA 19@FPAD 32ND HALF TO AC(C1)

44529 3194292 152 Ay $INCRREMENT FP ADDRESS
43521 736137 JSR A.FIX SCUNVERT T 8 INARY
435272 037415 LDA 2,3NAD  sNEW BINARY ADDRESS TO AC(2)
43573 323416 LbDA 3, ZER 3PUT 2230 IN ACGI)

473524 3459579 STA 12352 sDATA IN DATA STORAGE
49525 1514032 INC 2,2 5 INCREMENT B INARY ADDRESS
43526 459411 STA 2,8NAD  iv-iv 3INARY ADDRESS Tv 8BNAD
43527 314437 DSz CNT7? 3¢ INLISHED?

4131539 192765 Jin2 lLURE 3NI=~RETURN

473521 934432 LDA © 3,3TN4 rYES--LO0AD RETURN ADDRESS
471532 06701492 Jm2 2,3 " 3RETURN TJ BASIC

43533 9922329 RTN4: 5] FBASIC RITUIN ADOIRESS

47534 259392 CSThH: S7%72379 33 INARY STURAUVE SA

A2335 9379433 CSTT: a5 " 3258 =oINT AXRAY

431536 07572475 CNT7: 5] 3P )INT COUNTER

44337 929397 BNAD ] JCURRENT S InNARY ADDRESS
41047 )55 FRrApr 0 FCJRANT #:7 ADDRESS
49541 0900E73 ZER: 3 3CONSTANT ©
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APPENDIX B-6

3 DATA DISPLAY ROUTINE
24C6190 +LOC 436393 3AES. SA

473679 3314930 DISPL: LbhA 25053 3N3 ADDRESS TO AC(2)
476601 021909 LDA Bads" J1ST HALF TO AC((4)
4756932 (250691 LDA 1,152 32ND HALS TO ACC1)
496193 054431 STA 3,RTNS  3RETURN ADDRESS TO RTNS
40634 036130 JSR @eFIX 3CONVERT N3 TO BINARY
406795 D44430 STA 1,CSTE BITE SIzE TO CST8
436736 9330433 LDA 2,89 3ZERJ TO AC(2)
43607 D20427 LDA ®#,CSTY DATA STIRAGE SA TO AC(Y)
496193 340427 STA 0,CNT9  3DATA ADDRESS CIOUNTER
43611 V23421 POINT: LDA J:AD2 STWD TI AC(W)
473612 3611923 boA 9sDACV  3ADNDRESS D/A #2
4613 872923 DOB 2,DACV  39UTPUT X VALUE TO D/A #2
45614 026423 L.DA 1,0CNT9 DATA TJ ACCL)
43615 023426 LbA @-AD4 JFJUR TO ACCI)
45516 @61323 DoA 8,DACV  FADDRESS D74 #4
A0617 AGLAB23 NPOR 1,DACVY 3AUTPYUT Y vALUIIE TO D/ZA #4
43623 210417 Isz CNT9 3 INCREMENT ADDRESS CUUNTER
43621 126409 suB 151 sDELAY DUNMY TNSTRUCTION
411622 126400 - suB 1,1 s "
43623 063477 DIA @.CPU 3S¥ 155, I=STORE>» 1=NUONSTORE
49624 963123 DJCs G>DACV  SEND 2 INTENSIFY PULSE
47625 734413 LDA 3,PEKE seiaX 4 OF POINTS
43626 024487 LDA 1,CST8  3ITE SUzE TO AcC1)’
47627 133999 ADD 1s2 JINCREMENT X POINT
43639 156414 SUuB# 22355#R 33X SUEZP FINISHED?

43631 133760 JiipP PO INT SNO~=RETURN
411632 034492 LDA 3,2TNS 5 YES=--LOAD RETURN ADDRESS
46633 201491 JMP 1,3 JRETURN TO BASIiC

43634 GOBNDD RTNS: a sBASIC RETURN ADNDRESS
43635 WegGHTI CSTH: g 33IT. 3512

41636 959:%33 CST9: 53993 33 INARY STIRAGE SA

A7T637 B39520 CNTO: a 3DATA ADDRESS COUNTER

45649 14375739 PEKE: 438939 sAK NURBER OF PIINTS

47641 035999 BO: | 9 5CONSTANT 3

4642 8931332 AD2: 2 JCONSTANT 2
43543 §7079054 AD<4: 4 5CONSTANT a

«E0T
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45T
49731
40702
43733
45734
43735
49736
431937
49713
45711
49712
497113
45714

43733
41131

473732
4733
43134
47735
A)136
423737
49749
49741

49742
43743
43744

3437099
A54414
4204149
230411
2619023
a72023
029495
261923
2729323
132404
303392
296994
237177
033999

343739
954414
329410
133411
2617923
272023
2203405
361923
372323
202434
2a71992
043334
32333
ADIP379

NA2¢
DA4:
ZE S
RTINT ¢

R=Y
«LOC
STA
LA
LBA
poA
caB
LDA
noa
nos
Jip
2
4
377717
5]

X-Y
«L3C
STA
DA
LDA
noa
pian
LbA
DOA
p0o8
Jme

APPENDIX B-7

RECORD=-=FULL SCALE SET

43703 3ABS. SA

3,RTNé JRETURN ADDRESS TO RTNé
4,02 5Twd TO ACGD

2,FS 3FS VALUE TO AC(2)
3,DACV 33ADDRESS D/A #2
2,DACV 3FS VALUE TO D/A #2
3504 .7 3FOUR TO AC(Y)

2>DACV  ADDRESS D/A #4
2,DACY. 3FS VALUE TO D/A #4
ARTN6 SRETURN TO BASIC
;CONSTANT 2

SCONSTANT 4

3FULL SCALE VALUE FOR D/A'S
3BASIC RETURN ADDRESS
RECORD-=2ZERI SET

49739 3ABS. SA

3,RTN7 RETURN ADDRESS TO RTN7
05DA2 3THWO TO AC(2)

21 i€ 3ZERO TO AC(2)

?>DACY ;ADDRESS D/A #2
2,DACY EEND VALUE TO D/A w2
AsDAL 5ADDRESS D/A #4

- Ys0ACV- 3

2,DACV 5 ZER0 VALUE TO D/A #4
oRTN7  3RETURN TO BASIC
5CONSTANT 2

sCONSTANT 4

5ZER0 VALUE FOR D/A'S

3BASIC RETURN ADDRESS .
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40759
493751
492752
43753

43754 020433 POYNT:

473755
407956
431757
ANT63
41761

47762
43763
42764
43765
437664
A0767
44713
49771

49772
45773
49774
49775
42776
43777
4113739
410491

41322
417393
41994
41395
417396
41377

40759
954426 RECOR:
330426

220430

343430

949430
920422
361023
072923
226422
820417
961923
966323
$19416
314417
299717
334417
P24415
133999
156414
339769
%82491
309333 RTNB:
3333737 CTD:
73792 CT2:
373094 CTA:
953033 CTS:
349339 CNS:
934479 DELA:
936493 DELAY:
939329 CTé6:
049933 CT7:

APPENDIX B-8

X=Y RECORND SUSROUTINEZ

+LOC
STA
LDA
LDA
STA
LbAa

STA
LDA
D0oA
aJo}z]
LDA
LDA
DOA
pos
ISZ
DSz
Jme
LDA
LA
ADD
sus#
JiiP
JbiL
2
9
2

4
SA9I9
0
4443
2

29
430390
«EQT

49750
3sRTNE
2,C19
AsCTS
BsCNS
2»DELA
BLDELAY

.0,CT2

JsDACV
2,DACV
1,%CN3
N.CTAa
IsNDACV
15DACV
CNS
DELAY
-=1
3.,CT7
1-,CT6
1,2
2,3,82ZR
POYNT

ARTNG

3ABS. SA
SRETURN ADDRESS TO RTNS
3ESRO MY AGC2)
3DATA STORAGE SA TO AGC(2)
3DATA ADDRESS COUNTER

3PEN SPERD FACTOR TO AC(@)

SPEN SPEED FACTOR TO DELAY
3THO TO AC(Q)
JADDRESS D/A #2
3X VALUE TO bsa #2
sDATA TO ACCL)
3ZERQ TO AC(Y)
3ADDRESS D/A #4
5Y VALUE TO D/A #4
5 INCREMENT DATA ADDRESS
SPEN SPEZID SLOW ENOUGH?
3NQ==RETURN
JYES==MAKX 4 OF POINTS TU AC(3)
SRITE SIz= 10 ACCl)
3 INCREMENT X POINT
IX SWEE® FINISHED?
3NU=~RETUIN
3YES==RETURN TO BASIC

33ASIC RETURN ADDRESS
3CONSTANT 2

3CONSTAN

T2

3CONSTANT 4

3DATA ST
JOATA AD
3PEN SPE
3PN SP
5BITE S
JMAX 70
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APPENDIX B-9

3 SIND DATA TO BASIC SUBRIYTINE
R41929 .LOC 414920 JABS. SA

41927 931493 DATO2: LDA 2,3,3 3DATA ARAY ADR. TO AC(2)
4121 921430 LOA D537 31ST HALF TO AC(®)

41922 125101 LDA 121,22 32N HALF TO ACK1)

414903 354432 STA RT3 3RETURN ADNDRESS TU RTN31
a1324 996139 JSR @eFIX _-3CONVERT TI BINARY

417325 1324433 LDA 7,C3T51 3DATA STIRAGE SA TJ CSTSI
41726 197390 ADD D1 3ADD SA TU ARAY NUMBER
41927 020427 Lha N>CSTAl 3256 POINTS IN ARRAY
41939 343427 . STA GACNT 41 3POINT CUUNTER
41031 044439 STA 15AD3NL 3BINATTY ADDRESS

/1932 334423 1.DA 35R1%31 3RETURN ADDRESS TO AC(3)
41133 935401 LDA 351.3 JARRAY 5S4 TO AC(I)

41934 354406 SRY:Y 3,ADFP1 3ARRAY SA TI ADFP1

41335 329424 LIO9E:  LhA 2,5AD8NT 3B INARY ADDRESS TU ACC2)
4136 329475 _Lba 35 24RD1 31ST HALF OF # TI AC(2)
AYIAJT V253939 Loa 12022 ;2ND HALF OF # 19 ac<( 1y
4149549 125112 OVLE 151,S2C 315 NUMBER NEGATIVI?
21141 192919 apes 0,9 JYES==-PUT ONES IN AC(®)
41942 151492 INC 2,2 3 INCREMENT BINARY ADRDRZSS
41943 M534106 sS4 22R3D93NT FNZw- BINARY ADDRESS TJ ANBN]
41744 396132 JiR GeFLOT  3CONVERT T FLOATING POINT
410943 B42415 STA NsBADFA131ST HALF 7§70 3ASIC ARRAY
41046 915414 1S3 ANFRY 3 INCATIWINT FP OADDRESS
A1347 Q45413 STA 1,9ADFPL32ND HALF TO 3ASIC ARRAY
41057 313412 Isz ADTP1 5 INCREMENT FP ADDRESS
41251 614436 NsE  CNTal SFINISHAR?
41952 0337673 Jap L3dRE 3ND==RETURN

41953 934472 LA 35RINBT 3YSS--LOAD RETUIN ADDRESS
21954 371492 Jai2 255 JRETUIN TI BASIC

A1353 25300 RTNBy: 0 ITAS IO RETUIN ADIRESS

41056 B340 CSTat: o 3256-231INT AIRAY

AUHBT 533513 ONTal: 6 3PIINT MOUNTER

41067 29371537 CSidl: 573332 33 TMaRY 3TIRAGL SA

41961 333371 a3 3 SCHUYRINT BINARY ADDRESS

41762 47574337 ADFP1: G 3CIBENT FLIATING PIINT ADIRESS
419863 53721)3 TIRDt: G 5CONSTANT 9 '

)7
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APPENDIX B-10

041609 LOG 41630

@239722 NUM= 2

293303 ALPHA= 3

099934 M= 4

363335 FLAG= 5

320936 NUM4= 6

939337 SCNT= 7
41619 224462 FFTRA: LDA @4»SPF
41691 191235 MOVER# 3,3,SNR
41632 807432 Jrp ouT2
41693 233436 Jip 0uUT1
A1é34 192443 OJT2 e 5U30 Q0,9
41635 324797 LDA 1,SCNT
41646 696132 Jsw @ FLOT
41697 ©34537 LDA 3,RTN?
41610 ©31402 LDA 25253
41611 941399 STA 3,052
41612 945391 STA 151,2
41613 933529 LDA 2,542
41614 053332 STA 2,2
41615 832517 Lba 2,543
41416 059343 STA 2,3
41617 330516 L.DA 2,544
41629 9959994 STA 2s4
41621 933515 LDA 2,5A5
41622 353395 STA 2,5
41523 039514 LDA 2,SA6
41624 054906 STA 2,6
416725 933513 LA 2,SA7
41626 350007 STA 27
41627 339512 LbA 2,SA29
41639 1359929 sTa . 2,20
41631 033511 LhAa 2,5A21
41632 9530921 5TA 2,21
41633 234519 ha 2.5A30
41634 959033 STA 2,30
41635 N3N507 LDA 255A31
41636 359331 ' STA 2,31
41677 3345337 LDA 3,3ITN?O
41543 3914932 Jup 2,3
41641 9343565 OUTI: LDA 2,BETA
41642 934417 LDA - 3,MAX4
41643 724906 LoA 1sNUMA
41644 133999 ADD 152
41645 151400 INC 2,2
41646 324414 LDA 15SPF
41047 259039 STA 2530
41559 359931 STA 2,31
41651 0921490 LDA 0s3,3
41652 232930 LbA 2,030
41633 342331 STA F,831
41654 351459 STA 2,0.3
41655 136433 SUB 1,3
41656 14406 DS& NUM4
41657 933772 Jme -6
41660 983724 JiiP ouT?2
41651 241577 MAX4: FFTRA-1
41662 ¢Y0I3U3 SPF: a
41663 942304 GFFTN: FFTNC
41664 354437 GETDA: STA 3,BACK
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41665 13239u9 ADD 1,2

41566 1352329 5TA 22829
416671 221719 LDA Ds9,2
AVATG 34537 JSR FFTSC
41671 B42321 STA 9,021
41672 7292491 JMP @BACK

41673 3933990 BACK: ¢}
41674 191132 TEST: MIOVEL®?  9,0,52C

21675 1491241 tHIVOR G329, SKP
41676 101220 MOVEZER 3,9
41677 091439 JMP 3,3
41749 934526 FFTCC: LDA 3.BETA
41791 054329 STA 3,20
41732 554321 STA 3,21
431733 329426 LDA @2 MM
41704 93247934 LDA 1M
41795 1234330 ADD 1,0
241706 126529 SUBEZL 151
417777 1314934 INc 3s3,S#ER
41719 125121 MovaL 151,SKP
41711 1319M MOV Ds02SKP
4t712 3929715 JilP «=3
41713 344747 STA 1,SPF
41714 3217992 LDA 95 NUM
41715 101229 MIVER 3.9
41716 171220 MOVER 2,3
41717 043396 STa 22 NUM4
41729 240753 STA 9,BACK
41721 137999 ADD 123
41722 921439 LDa A2953
41723 332029 Lna 2,829
11724 342921 3TA ds9221
41725 951409 STA 2+3,3
41726 214745 : DSz BACK
41727 3897172 Jip e=6
41733 $32733 Jip BGFFTN
41731 177765 MM: -13

41732 263977 FACPT: HALT
41733 993027 SA2:
41734 933733 SA3:
41735 939899 SA4:
41736 C39300 SAS:
41737 819339 SA6:
41749 055390 SA7:
41741 833990 SA29:
41742, 053993 SA21:
41743 0909997 SA30:
41744 BCCOGE SA3L:
41745 35209090 CK50: 50000
41746 893388 RTN9: @

POeRRAONa A

41747 6240802 FFTST: LDA 1,2
A1759 644763 STA 123542
41751 024203 LDA 1,3
41752 044762 STA 1,5A3
41753 024034 LDA 154
41754 044761 STA 125A4
41755 72247925 LDA 1-5
41756 044769 STA 1,SA5
41757 024036 LDA 1+6
41769 P44757 STA 1,5A6
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41761
41762
41763
41764
41765
41766
a1767
41773
41771
41772
41773
41774
41775
41776
17717
427993
42331
42392
229%3
42234
424538
4219756
429937
42310
42911
42312
427913
4291 4
42315
42316
42317
L2925
S 42g21
427529
42723
/427324
42325
472976
42527
42339
42531
42332
472733
42734
42335
42136
42137
42349
429341
a42n04a2
4243
427344
42945
42046
42547
42059
42351
42052
421151
42054

g242307
44756
3249209
844755
124321
044754
324030
D44753
024031
344752
%31430
221999
825991
354759
626139
344335
a34745
331491
3219040
A25091
1326139
44032
0924736
"440063
B¥279332
126449
191223
125431
B53492
39775
344774
1264357
144536
A64536
0443937
NAA636
34653
41177
024531
125314
A3N643
91429
3633717
754522
24575
07345302
933512
1359929
937529
353921
333093
124566
304617
2247302
134615
24563
334613
0240932
124400
304610

o
)M
-~
oD
[T}

CaLC:

LbA 1,7
STA 1,SA7
LDA 1,20
STA 155020
LDA 1,21,
STA 1,58A21
LpDA 1,30
STA 1 »SA30
LDA 1231
5TA 1,SA31
LDA 22923
LDA 3,952
LA t-1,2
STA 3,5RTN9
JSR BeFIX
STA 1,FLAG
LDA 32RTNS
LDA 25,153
LDA 359,22
LDa 1,152
JSR BeF1IX
STA 1 ,NUM
LDA 1 sCK53
STA 1 2sALPHA
LDA JaNUM
SU30 a1

MOV ZER 53 5SNC
INC 1»15SHP
JhR « 2

JiP «-3

STAa 1-M
SuUB 1s1

STA 1,ATF
STA 1>4TF+1
STA 1 »SCNT
STA 1sSPF
JiR FFTCC
FFIRA-491}

LhAa 1sATF+1
HoV# 1-1,8%R
Jiie TEST
Jrie 3s3
HALT

STA 3sRETN
LDA 1o
JSR FFTAG
LbAa 25 S54AP
SiA 222G
LDA 2,TAM
STA 2,21
LDA 2,ALPHA
LDA 1-N
JSR GETDA
LbA 1,NUM
JSR GETDA
LoA 1:A
JSR GETDA
LDA 1,NUM
NEG 1-1

JSR GETDA
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42955
42356
42757
42967
42361
42462
42363
42364
42065
427366
42467
423172
42071
429372
42773
42374
42075
427476
42377
£21139
42141

42102
42113
42194
42195
42136
421317
421119
42111

42112
42113
42114
42115
42116
42117

42123
421721

42122
42123
42124
42125
42126
42127
A213%9
42131

42132
42133
42134
42135
42136
42137
42149
42141
42142
42143
42144
42145
42146
42147
42150

24472
204556
1311993
124555
334553
334560
342472
324464
134547
131410
924475
194544
244551
032463
113409
324466
149433
1331739
123930
52452
42499
304564
319454
1321999
111589
344560
019459
121399
124436
334522
131373
324439
994517
D14524
342435

024439

1244993
3134512
131330
924441
345937
034514
3324725
113993
140499
224431
13392993
123909
352416
342416
334527
2190417
101239
1118099
334523
312413
1310023
3952410
7202079 COS:
200933 SIN:

LDA
JSR
MOV
Lha
JSR
JSR
STA
LDA
JSR
MoV
LDA
JSR
JSR
LbA
ADD
Lba
NEG
ADD
ADD
STA
STA
JSR
1SZ
MaV
MOV
JSR
ISZ
MaV
LbDA
JSR
MV
LDA
JSR
JSR
STA
LoA
NZG
JSR
MOV
LnAa
JSR
JSR
LDA
ADD
NEG
LDA
ADD
ADD
STA
STA
JSR
1SZ
MoV
MOV
JSR
ISZ
MOV
JUP
o}

1,COS
FFTNT
1.2
1-TEMP3
FFTNT
NULT

I »CSAV3
1,SIN
FFTNT
1.2
1,TEMP4
FFTNT
MOLT
2,284V3
322
1>TEMP]
2,0

12

1,0
2s8SAV1
1»0SAV3
FFTAT
ATF

3,9

3,2
FFTAT
ATF .
4,3
1,C0S
FFTNT
1,2
1>TEMPY
FFTNT
MULT
Js0SAV4
1,SIN
1,51
FFTNT
1,2
1»TEMP3
FFTNT
MULT
2,25AVA
0,2

2,0

1, TENP2
122

1,3
22235AV2
B,0SAY4
FFTAT
ATF

250

@,2

Fr T
AT

3,0
ORETN
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42151 342151 SAP: SAP

42152 393934% SAVY: a
22153 9944093 SAV2: 3

42154 299999 SAVA: 2

42155 2994939 SAV3: 2

42156 0399799 RETN: "}

42157 939397 ATF: @

42159 ©B39990 ATFC: @

42161 042161 TAM: 1AM

42162 999333 TEMPY1: O

42163 2435737 TEMP2: @

42164 30303 TEMP4: 2

A1 65 (3R TEMP3: 7]

42166 954476 FFTAG: STA 3,MSAV
42167 3209573 LDA 2,1
421779 §32394 LDA 2,M
42171 142435 SiJ:3 2,0,8SNR
472172 839434 Jmp MID
42173 125223 MOV 2R 151
42174 131494 INC @728
42175 239716 JMp =2
42176 334585 MID: JsR FFTRV
42177 923936 LDA B NUMA
42293 1117249 MOV @,2
A22V1 1224822 SUuseg 123»,8ZC
42232 933497 Jne o+7
422723 143239 aDd 2,9
42234 933622 LDAa 2,38TA
422335 113493 aADny D2
42236 021033 LDA 7,052
42237 193479 NEG 3,9
422119 Y3494 Jur ot
42211 939615 LDA 2,8ETA
47212 1339737 ADD 1,2
42213 921939 LDA 3202
42214 949733 . STA 3.C03
42215 923326 LDa 32 NUMA
427216 1227332 ADC 2 1232820
42217 1224731 S4i3 1,0,5K°
49027 1647} 843 Tasls5KP
42231 145999 MOV 3t
42272 9306734 LbA 2,8ETA
42223 133322 ADD 152
42224 921033 LDA 3,02
42225 3333385 L.bA 2,FLAG
42226 151232 MOV ER#?  252,SEC
42207 123493 NEG (3,0
42238 549728 STA 8,S1IN
42231 602433 Jmp @MSAY
42232 9309233 Nt 2

42233 PR3N A: b}

42234 125133 FFTNT: MOVEL# l:l:SNc
42235 221400 Jme 3,3
42236 124490 NEG 151
42237 010422 ISz ASF
42247 321430 JMP 2,3
42241 039309 ASF: 2

42242 192462 MULT: susc 00
42243 354421 STA 3,MSAV

42244 034421 LDA 3,M23
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42245
92246
42247
22259
42251
420252
427253
4720754
42255
42256
42257
422560
42761
42262
42763
42264
422365
A0246
472267
ADD 73
a2271
42272
422173
42274
42275
422176
42277
42317%
22201
42332
423753
402334
42335
£2336
4237017
423179
42311
a2312
42313
42314
42315
22316
AN217
42327
42321
42329
A2323
42324
4271295
42326
42327
a2339
42331
42332
42333
42334
42335
42336
423317
42349

125203
131291
143220
175434
393774
121163
125120
131199
11724764
125223
9932495
103439
126433
044757
17312431
01733913
Y1I1ES
Q14671
13670
A31 410
024412
151132
B3434
13213132
891499
331471
124499
132032
3931401
321400
731453
3244
N44452
172529
343453
126439
244721
223459
2399922
193419
151229
191434
3N3776
359713
3532437
06427
914435
00427
313795
0392705
953431
324792
1479329
Q44733
7230992
132404
AB3765
214421
229416
3493434

MLOIP ¢

FSAV:
292

FETAT

NODS:

AGET::

R0AD:

MOVR
MOV
ADDER
NG
Jm2
MIVCL
IVISLVE I
CRIVL
LoA
MOV ERR
J>
NZG
SusB
sta
Jri?
o]
=29
DSZ
ISZ
JdM2
LbA
MOV 2L#
JM>
ADCEZE#
JigP
Ji3
NZG
NDGC#ES
Jri2
Jm»
31443
Loa
3TA
3U3IL
STA
Su3
STA
LDA
LDA
NEG
MOV £
INC
J?
STA
STA
JSR
NS
Jele
ISZ
LDA
STA
Lba
ADD
STA
LDA
sus
JMP
DSZ2
JMP
JMP

1s15SNC
3232 SKP
220

3.3,82R

‘MLOO

0,3

1,1

3,0

1 »ASF
1s153NC
arsSAV
0,9

1,1

1 »ASF
21SAV

ATF
ATF

4,3
1,CUTY
252252C
NEGA
1,2,S7%C
3,3

1,3

121
1,2,52C
1,3

3,3

1>
1,ACNT
2,0
as1
1,1
1.0
351
2,NUM
B9
2,2
DrJsSH%
=2
25A
2sNCNT
eGCALlC
NCNT
NIND
N
25A
25NCNT
15N
2,1
12N
2 s NUM
1,25SZR
ROAD
ACNT
AIND
ouT
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42341
42342
42343
42344
42345
492346
42347
42350
42351
42352
42353
42354
42355
42356
42357
42360
42361
42362
42363
42364
42365
42366
42367
423173
42371
42372
42373
42374
42375
72376
42377
42 4313
42431
42402
42433
42434
424945
A 46
42437
42419
42411
42412
42413
42414
42415
42416
424117
41423
42421
42422
£2423
43424
42425
42426
42427
42439
47431
42432
40433
42434

320616
161134
23230473
343614
399743
215612
3193437
102433
343696
339736
10457
299746
F19435
G33763
239393
aA297%%3
N42:434
Y3353
A39974
121930
1264199
1504449
121229
125133
151494
209775
3314990
024437
244329
324333
244433
131931
32433
1264013
244627
J24392
I44753
24624
A24754
239422
334621
136432
A30437
1570993
133293
0925077
921440
241309
Bas443v
210619
314735
P02762
330435
724022
1339203
7150402
722920
303330
242377
A4t A1)

STSR:

SCALE:

NIND:
AIND:
ACNT 2
NCONT ¢
GCAlC:

I:
FFTRV:

DUT 2

CYCLE:S

EnuaL:

ALPHB @
PHASE :
GFiRA®

Li3A
MOV ZL#
JMp
STA
Jmp
ISZ
Isz
SuB
STA
JMP
ISE
JiiP
Isz
JMpP
6]

9]
caLc
9
LDA
MOV
suB
NEG
MOV ZER
“ovL
INC
JMpP
Jiap
Lna
STA
LDA
STA
MOV
Jud
5uU3
STa
LDA
STA
oA
JSER
LDhA
LDA
SUBE#
JMp
ADD
ADD
LBA
LDA
STA
STA
ISZ
DSE
JMp
LDA
LDA
ADD
STA
JrP
o]
0UT+3
FFTRA

JsATF
@s255£R
SCALE
J2ATF+1
NJIDS
ATF+1
SCNT
7.0
FsATF
NODS

N
ROAD
1
STSR

2sM

129

151

2,2

A20

151
222»5%R
«=3

2,3
1,PHASTE
1,20

1 sALPHA
1,ALPHRB
DassSKP
OGFF AN
121

1>N
1>NUM
1> MCNT
12N
FFTRV
2,ALFHB
J-,N
1-3-,SZC
EouaL
2,3

1,2
1,052
323,53
Bs,022
1,953

N

NCNT
CYCLE
2,ALPHB
1 2NUM
1,2
2sALPHS
@29
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41177
41237
41231
41252
41263
417234
412195
41236
41297
412119
41211
41212
41213
41214
41215
41216
41217
41229
41221

41222
41223
41224
41225
41226
41227
41239
411231

41232
41233
A1234
41235
41236
41237
4124%
41241

41242
41243
41244
41245
11246
41247
41253
41251

41252
41253
41254
41255
41056
41257
41269
41261
41262
41263
41264
41265
41266
41267
41279
41271

Barrv9
041339
4137399
337777
377715
237773
037779
337765
137161
437754
0311747
9317741

937733
437724
A37714
237734
1376713
337661

037647
737634
137621

V376925
337579
337553
437535
937517
237539
I3T746%
337449
B@37417

2373175
A37353
737339
337335
337261

937235
237219
237162
037134
337135
2379585
337325
136774
936743
336711

336657
3836623
336579
936533
@36477
A3644at

336403
236344
B36335
2336245
036295
B36144
036102
236040
935175

«LOT

34119099
134:3320
377717
A3777S
%37773
N317773
8317765
3371761

337754
637747
037741

037733
937724
337714
937704
337673
237661

337647
A37634
137621

137635
3437570
237553

"37535
237517
2375949

337469
337449
(3374817

a3737S
3371353
0937339
137395
337261

237235
337219
A37162
B37134

© 337105

a31425s
0371025

336774
B36743
336711

036657
036623
336570
736533
836477
236441

836493
736344
736305
836245
836205
336144
236102
236140
A35775

FFTRA=431
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41272
41273
419274
41275
41276
41271
413309
41311
41392
41393
41304
41345
41335
413737
413149
41311
a1312
413173
41314
a1315
4136
41317
413729
41321

41322
41323
41324
41375
41326
41327
41334
41331

41332
41333
41334
41335
41336
41337
241347
41341

41342
&1343
41344
21345
41346
A1347
4135)
41391

413572
41253
41354
41355
41356
41357
41369
71361
41362
41363
413464
41365

W35732
135666
135622
3359555
135507
335441

335372
335323
035253
135292
25131

135160
35096
1134733
9346673
334634
134537
134453
134375
334317
134241

134161

334112
1347922
133741

333660
333576
333513
133439
(33345
133261

“¥33175
333114
133422
932734
432645
432556
132467
232377
332316
332215
132123
432931

331737
031643
31559
531454
31357
431262
331164
431366
333770
332671
232571

32471
330371
337274
237166
3379364
427762

J35732
335666

1935622

733555
935597
835441
335372
335323
135253
735292
4535131
035964
435396
334733
034669
N346%4
334537
434453
334375
D34317
034241

334161

734192
@349322
Pp3I374l

833660
333576
933513
933430
033345
933261

933175
833119
333922
432734
132645
932556
A32467
9323717
33233546
332215
332123
332931

331737
131643
331550
331454
931357
731262
331164
331066
330719
830671

939571

3392471

938371
330279
330166
933964
27162
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41366
41367
41379
41371
41372
41373
41374
41375
41376
A13177
41419
41451
Al 4932
41493
41434
A1495
q11)6
41477
41419
41411
414172
41413
41414
41415
41416
41417
41423
41421
A1 422
41623
11424
41425
41426
4y a2
41437
<1431
41432
41433
11434
414395
41436
41437
alA4%)
41441
41442
41443
41444
41445
41446
41447
41453
41451
41452
41453
41454
41455
41456
41457
A1469
AL 461

327657
627554
N27453
"27344
927237
307132
027925
926717
926614
326591
#26372
726262
226152
426041
925737
325617
025535
925373
125269
435143
325032

h24716

124691
(124465
24347
024232
024114

9231776

323657
223541
323421
323341
0923161
323149

a22717

223576
7922454
22332
N22219
922365
321742
721615
121473
021347
@21222
321975
2237592
023623
329475
220347
223221
220372
217743
217614
D17464
317334
317204
317053
016723
316571

127657
327554
327459
927341
927237
427132
327925
226717
926610
326531

226372
226262
A26152
826341

925739
325617
3239395
025373
325269
423145
225932
324716
324531

BA24465
y24347
924232

924114
423776

323657

323549
223421

4233731

223161

323949
3227117
A22576
B22454
922332
$p22219
2279695
321742
921616
321473
G21347
721222
921975
923750
0295623
0234715
320347
P21)221
224272
017743
317614
217464
817334
3172034
317353
216723
nL6571
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414672
41463
41464
41465
41466
41467
41470
41471
41472
41473
41474
41475
414176
41477
415%9
41591
41592
41593
41594
41595
41596
41537
41519
41511
41512
41513
41514
41515
41516
41517
41523
41521
41522
41523
41524
41525
41526
41527
41539
41531
41532
41533
41534
41535
41536
41537
41547
41541
413542
41543
41544
41545
415946
41547
41559
41551
41552
41553
41554
41555

316449
7316336
016154
316922
315679
15535
915462
Jt5247
715113
A1a1s7
914623
A1 4467
714333
214176
B147%4}%
413724
713546
413411
713253
13114
212756
g12629
B12461
312322
712163
912923
311664
911524
7311364
311224
A11064
15723
J17563
3173422
019261
2193129
0377156
907615
%7453

997312.

367159
337936
306644
096591
906337
436174
376332
235667
0145361
195216
205353
V34737
294544
234491
704235
304371
253726
303562
393416

216449
16336
gters4a
16322
215678
315535
315492
a15247
215113
314757
214623
Al a467
914333
214176
314241
213794
013546
313411
713253
313114
212756
312629
312461
212322
212163
J12023
211664
211524
211364
311224
311364
310723
213563
193422
219261
913129
397156
ANT615
9737453
357312
ANT1503
37346
Q16644
776501
N36337
326174
469372
305667
G35584
235361
#35216
935953
dDaTD7
N34544
304491
Q34235
3924071
233726
203562
203416
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41556
41557
11367
41561
41562
41563
A1564
41565
41565
11567
41579
4157
41572
41573
413574
41575
41556
41577

2233252
B231096
22742
092576
732432
032265
nn2121
231755
201610
201444
2391309
301133

993767

7313622
3919456
795311
03145
493399

J13252
313106
gu2742
3I2576
U42432
092265
932121
n31735
915619
NB1444
ge13a39
291133
330767
309622
NA456
999311
0999145
292530
<E0T
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42590
42591
47532
42503
42594
4257195
42576
42597
42513
4251 1
42512
42513
qa2514
42515
42516
4z517
42529
4252
472522
42523

#42590
a54422
333415
950417
223414
434029
354416
g344t2
354920
Fa2123
914410
2993776
B34410
354929
862435
2913649
2431930
44777
B399
390300
0691927

3

MEMC2

CLEER

CST19:
Bl
ST2:
CNT19:
RTN1G:
SB2d:

APPENDIX B-11

SPECFRAL MEMORY CLEAR SUBRUUT INE

«LOC
STA
LDA
STA
LDA
LDa
STA
LDA
STA
S5TA
D32
JMp
LDA
STA
JMp
1999
2]
447177
2

2

a3
«EOT

42509
3,RTN19
2,CST1H
2,CNT 19
.81
3,20
33,5823
3,872
3,20
J,229
CNT19
CLEER
3,5B293
3429
ARTNI19
SNUMBER

3ABS. SA

3 AETURN ADDRESS

31/2K OF HEMORY RESERVED
$COUNTER -

3 ZERD

33AVE LOCATION 29

; ‘" .

3CLEARED MEMORY SA
3INITIALIZE AUTOINCREMENT
JPUT 8 IN 45000 ETCe

3F INISHED?

3NO==RETUWN

3YES==RESTORE LOCATION 20
[

SRETURN TO BASIC

OF CLEARED LOCATIONS

JCONSTANT O

SCLEARED MEMORY SA MINUS 1
3COUNTER FOR CST14

3BASIC RETURN ADDRESS
JCONTENTS OF LOUCATION 20
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742630

.
’

47607 031439 SPECH:

426791
426072
426023
426444
4P61%
42606
42627
42617
22611
42612
42613
A261 4
42615
426106
426117
A2620
42621
47622
42623
4262 4
42625
42626
42627
43630
42631
42632
42623
42634
42635
4263
42537
42640
42641
426 42

50433

254433

934433
354423
354433
020434
47432
022424
210423
226422
B19421
aN6130
8356422
g1342]
132429
313417
133922
1731433
163293
242414
312413
952412
2193411
314411
NeI757
334493
331491
909359
4433199

- 459731

033177
7947379
999339
993433

SPEC:

FAD:3

RTN11
BAD:

BND1 ¢
BND2 :
CNT11
CsT11

APPENDIX B-12

SPECTRAL DATA TO BINARY SUBROUTINE

«LOC 412617 35ABS5. SA

LA 25353 3FP ADDRESS TO AC(2)

STA 2L,FAD 3FP ADDRESS TO FAD

STA 3,RTN11 3RETURN ADDRESS TO RTNI1
LDA 3,8BAD 381INARY SA TO BAD

STA 3,3NDt  3COUNTER

STA 3,0ND2 3. "

LDA G,C5T11 3256 POINT ARRAY

STA 9,CnT11 3COUNTER

LDA 0,527AD  31ST HALF OF # TO AC(®)
I1S# FAD 3 INGREMENT FP ADDRESS

LDA 12,0FAD  32ND HALF OF # TO AC(1)
152 FaD 3 INCREMTNT FP ADDRESS

JASR AFIX SCONVERT TO RINARY

L.DA 3s0GBNDY LARGE HALF OF # TO AC(3)
IS8 BND 3 INCREHEINT 3 INARY ADDRESS
Lha 2,083001 5SHALL HALF OF # TO AC(2)
182 8ND1 3 INCREMENT 3 INARY ADDRESS
ADDZ 1,2,S2C 3ADD NEl: AND OLD NUMBERS
1INC Ds2 3OVERFLOW=-=ADD 1 TO AC(O)
ADD 3,9 3ADD WEwW AND OLD NUMBERS
STA @273ND2 3RETUIN LARGE HALF TO MEMORY
152 nND? 3INCRMENT BINARY ADDRESS
STA 2,03ND2 3RETUIN SMALL HALF TO MEMORY
152 . BNO2 | 3 INCREMENT BINARY ADDRESS
DSZ CNT11 JFINISKED?

Jv2 S=Jolo SNO==RETURN

1.DA 3,RTN11 3YZS--LOAD RETURN ADDRESS
Jip 1,3 JRZTUAN TO BASIC

9 GFLOATING POINTY SA

4] 3BASIC RETURW ADDRESS

45939 33 INARY SA

o] 3BINATY ABDRESS COUNTER

a H "

2 3256 2J1INT ARAY COUNTER

499 3256 POINT ARRAY

«EOT
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427919
a2y’
42792
427193
427134
42795
42796
42797
42719
42711
42712
42713
42714
427158
42716
42717
42729
42721
42722
42723
42724
42725
42726
42727
42738
42731

042790 .
331493 SPECF :
2545423

254423

434423

154423

N29424

BA%422

AN2429 SPEGH @
310417 a
926416

219415

0746132

342410

310497

346406

214495

14410

a%91766

034423

231401
7979539 FAD1:
233093 RTN12:
745399 BAD1:
8334997 BND3:
303233 CNT12:¢
390499 CST12:

APPENDIX B-13

SPEZCTRAL BATA TO BASIC SUBRJIJTINE

.LOC

LDA
S5TA
STA
LDA
STA
LDA
STA
LDA
Isz
LDA
ISz
JSR
STA
IS
STA
Isz
DS #
Jp
LnAa
JipP
a .
5]
45339
0

a
439
«END

427060
253,3
274N
3,RTNE2
3,8AD1
3,BND3
3,CST12
JLCNT12
J,0BND3

BND3
1:88ND3
RND3
0.FLOT
G,2FAD
FAD1
1s0FAD1L
Fami
CNT12
SPECH
3,RTN12
1,3

34BS. SA

JFP ADDRESS TO AC(2)

3P ABDRESS Tu FADI1
JRETURN ADDRESS TO RTNI2
;BINARY SA TO AG(3)
;BINARY SA TJ BND3

5256 PIINT ARRAY
SCOUNTER

51T HALF OF # TJ AC(3)
5 INCREMENT BINARY ADDRESS
;2ND HALF OF # TO AC(1)

"5 INCREMENT BINARY ADDRESS

SCOMNVERT TO FP

31ST RALF TO 3ASIC ARRAY
3 INCREMEINT FP ADDRESS
320 HALF TO 3ASIC ARRAY
3 INCRECEENT FP ADDRESS
FFINISHED?

3ND=-=RETURN

3 YES=-L0AD RETURN ADDRESS
FRETHRN TO BASiIC

JFLOATING POINT ARRAY SA

33ASIS

RETURN ADDRESS

;BINARY SA

;B INARY ADDRESS COUNTER
2256 PIINT ARRAY COUNTER
3256 PJUINT ARRAY
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